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ABSTRACT
The aim of this work is to increase the applicability of Coherent 
Anti-Stokes Raman Spectroscopy (CARS) to temperature measurement in 
practical devices. Particular emphasis is placed on combustion thermometry 
and high pressure steam systems are also considered.
A study is made of the temperature measurement accuracy attainable 
in the range 290 to 1050 K, using broadband CARS. Accuracies of 1 - 2% 
are attained, and laser cross coherence effects are found to be important.
The determination of temperature probability density functions is of 
great importance to combustion science. Their measurement using single 
shot CARS requires the analysis of very large numbers of spectra. A study 
is made of fast methods of data analysis and the temperature measurement 
precision attainable using them. A very rapid data analysis method 
suitable for use in fluctuating temperature, pressure and concentration 
environments is developed.
The temperature precision attainable using CARS is limited by CARS 
signal noise. For systems with high temperature fluctuations, detector 
counting statistics are found to make a dominant contribution to this. The 
spread in measured temperature probability density function width due to 
signal noise is characterised for the CARS system used, as a function of 
CARS signal strength for the temperature range 290 to 1050 K.
A fast CARS signal analysis method is applied to map temperatures and 
temperature fluctuations in the flame zone of a turbulent oil spray furnace.
The temperature measurements are compared with Discrete Droplet and 
Continuous Droplet oil spray model predictions (Stopford, 1984) with good 
agreement, particularly in the former case. In the post flame region, where 
turbulent fluctuations are less severe, averaged measurements of H^O
concentrations were made.
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CHAPTER 1
INTRODUCTION
Reaching back before recorded history the mastery of fire was central 
to the existence of our ancestors. As early as 400,000 years ago, the 
first evidence of the use of fire is found in the caves inhabited by 
Peking man. It was the use of fire which made possible the extraction of 
metals from their ores, with the consequent’opportunities this presented.
Fire was the felement* used by the alchemists in their quest to transmute 
base metals into gol,d, and it was not until the end of the eighteenth 
century that the nature of fire as a process, and not a substance, emerged.
The use of combustion is perhaps no less crucial to life in our 
century, than to that of our ancestors. The internal combustion engine 
and jet engine have transformed our societies, and many of the products 
demanded by m o d e m  society are the result of complex, energy intensive 
chemical reactions. Two phase systems, which have in the past been poorly 
understood, underpin many vital processes; steam/water systems are one 
important example, being widely used both in industrial heat transfer, and 
of relevance to electricity generation by the world1s most widespread nuclear 
power system.
Research into the nature of combustion processes and complex chemical 
and physical systems has greatly increased in recent years, prompted by the
realisation that our current sources of fuel will become increasingly 
scarce in the future, and by the growing pressures to reduce environmental
pollution. The resultant pressures to increase combustion efficiency, 
whilst at the same time minimising unwanted emissions, has resulted in 
the development of new approaches to understanding combustion and chemical 
reaction phenomena.
The development and application of laser based techniques has proved 
to be of great importance over the last decade. Previously properties 
of the combustion environment such as gas temperature, concentration or 
velocity were measured by the insertion of mechanical probes. The 
environments of interest however are frequently too hostile for fragile 
probes to survive in, and the use of probes has been found to cause serious 
perturbations to the processes being measured. Laser techniques, in 
contrast offer the capability of non intrusive measurement, and have been 
applied successfully to such extremely aggressive environments, as the 
diesel engine (Kajiyama et al, 1982). In addition temporal resolution of 
_8
the order of 10 s is readily attained with the use of pulsed lasers, and 
excellent spatial resolution is achievable.
Temperature is a particularly important parameter for combustion 
research, due to its strong, non-linear effect on chemical reaction rates, 
and rates of evaporation. Laser techniques used for temperature 
diagnostics are Raman scattering, Rayleigh scattering, Laser Induced 
Fluorescence and Coherent Anti-Stokes Raman scattering (CARS). The 
advantages of its high signal strength and relative immunity from 
interference have resulted in the emergence of CARS as the most important 
of these, and it has been successfully applied in a wide variety of hostile
environments, such as both petrol (Stenhouse et al, 1979, Klick et al,
1981) and diesel (Kajiyama et’al, 1982) internal combustion engines and 
jet combustors (Greenhalgh et al, 1982, Pealat et al, 1980, Eckbreth et 
al, 1984).
Before discussing CARS and some of its recent applications, a brief 
description of the principles and range of application of alternative 
laser based temperature diagnostic techniques is given.
1.1 RAYLEIGH SCATTERING
Rayleigh scattering arises from the elastic interaction of 
molecules and incident photons. The Rayleigh signal is therefore at the 
same frequency as the incident light. It has the advantage of a large 
cross-section, considerably larger than that of inelastic Raman scattering. 
For accurate temperature measurement it is necessary that both reactant and 
product gases have similar scattering cross-sections. Temperature is 
then determined, via the ideal gas law, from density.
Rayleigh scattering has been used, for example, for temperature 
measurements in turbulent diffusion flames (Rambach et al, 1980, Dibble 
and Hollenbach, 1981). Its high cross-section allows continuous wave lasers 
to be used, which has enabled power spectra of temperature to be 
determined.
Particulates do however present very severe problems as their Mie 
scattering cross-sections are many orders of magnitude greater than the 
Rayleigh cross-sections of the gases being studied. Rayleigh scattering 
measurements are therefore severely limited in the presence of particulates, 
or in two phase flows.
1.2 LASER INDUCED FLUORESCENCE
Several reviews of Laser Induced Fluorescence (LIF) have appeared 
recently (e.g. Eckbreth et al, 1977, Schofield and Steinberg, 1981).
Uniquely amongst optical techniques LIF probes minor species concentrations, 
and can readily achieve detectivities of a few ppm (Eckbreth et al, 1977). 
Much interest has been focussed on its use for species concentration 
measurement, and the OH radical has received considerable 
attention.
Laser Induced Fluorescence occurs with the promotion of an atom or 
molecule to an excited state and the subsequent spontaneous emission of 
light as it relaxes to a state of lower energy. If the final state differs 
from the original state the fluorescent emission is shifted in frequency 
from the laser source, and from Mie scattering interference from 
particulates. The LIF cross-sections are many orders of magnitude greater 
than for Rayleigh or Raman scattering.
Although the experimental basis for LIF is simple, complexities arise 
in the data analysis. Instead of spontaneously emitting radiation, the 
molecule may relax by an alternative mechanism such as by energy transfer 
to another molecule. In principle it is necessary to account for all 
relaxation, or quenching processes although this is not achievable in 
practice. Several variants of the technique have been developed to 
minimise this difficulty, of which the most important is saturated 
fluorescence, proposed by Piepmeier (1972). This depends on saturating
the absorbing transition, by using high powered pulsed lasers, and 
maintaining an equilibrium population in the excited state. However, 
saturation may be achieved only in low pressure environments, where 
quenching rates are lower.
Various approaches have been adopted for temperature measurement 
(Bradshaw et al, 1980). In particular, two line atomic fluorescence 
(Omenetto et al, 1972) has been widely applied. Trace atoms are 
introduced into the system and the relative population of two low energy 
levels measured in turn via a common excited state. Flame temperature 
measurements (Haraguchi et al, 1977, Alessandretti et al, 1981, Zizak and 
Winefordner, 1982) have been made, and recently Alden et al, (1983) have 
made spatially resolved temperature measurements in a CH^ - air premixed 
flame, although attempts to make single pulse temperature measurements with 
high temporal resolution were frustrated by dye laser frequency 
instabilities.
The ability of LIF to make concentration and temperature measurements 
of low concentration species, indicates that despite problems with data 
interpretation it will find increasing application in the future, in a 
complementary role to major species diagnostics.
1.3 RAMAN SCATTERING
Raman scattering was first observed experimentally by Raman and 
Krishnan in liquids in 1928, although theoretically predicted by Smekal 
5 years previously. When monochromatic light of frequency v is incident
on a molecular system, scattered light is observed with components at
offset frequencies v1 = v +_ Av, where the frequency shifts correspond to
transition frequencies between rotational, vibrational and electronic 
energy levels in the system. The additional frequencies arise out of the 
inelastic interaction of incident photons with the molecules, causing the 
photon to lose energy which excites the molecule to a more energetic 
state, as is shown in Fig. 1.1(a). This results in scattered light of 
lower frequency. Conversely molecules in an excited state may contribute 
energy, resulting in scattered light at a higher frequency (Fig. 1.1 (b)). 
Light of reduced frequency is termed Stokes scattering, and of increased 
frequency anti-Stokes scattering.
For a given incident frequency, the energy levels of any molecule 
produce a unique spectrum of Raman lines, and so a single laser may be 
used to probe all molecules of interest to combustion diagnostics. For gas 
molecules vibrational or simultaneous vibrational and rotational transitions 
give rise to well separated lines, whereas the finely spaced rotational 
transitions result in lines closely spaced about the excitation frequency, 
which may only be distinguished with a high resolution system.
1.3.1 Temperature Measurement
Raman scattering power scales with incident power and molecular 
number density:
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(a) Stokes scattering (k) Anti-stokes scattering
Figure 1.1 Raman scattering energy level diagram
where Pg is the scattered power detected 
P^ is the incident power
N is the number of molecules in a given state
da/dft is the Raman scattering cross-section
F is a parameter, dependent on instrument efficiency and
measurement volume
Generally molecular state populations follow the Boltzmann temperature 
distribution, and this is reflected in the relative intensities of the 
Raman lines. Temperature may be determined from the spectra by fitting a 
theoretical model to the lines within a vibrational Raman band, or from a 
temperature sensitive measure of the spectrum. Peak height ratios have 
been utilised (Strieker, 1976) and several researchers have used spectrum 
band contours (e.g. Lapp et al, 1972). In addition, the temperature may be 
determined from the ratio of Stokes to anti-Stokes Raman intensities, in 
particular for moderate temperatures where the higher vibrational levels 
are significantly populated. (Lapp and Penney, 1974). The high 
concentration of in air-fed conbustion makes it the most commonly used
molecule for temperature measurement.
It may also be noted that species concentrations may be derived, and 
it has been estimated that at room temperature concentrations down to 0.1% 
may be determined (Leipertz and Fiebeg, 1980). Raman cross-sections for 
many molecules of interest have been measured (Schrotter and Klockner, 1979).
1.3.2 Applications
Most applications of spontaneous Raman scattering have been restricted 
to major species such as N2 , 0^, CC>2 , H2 and H20 (Lapp and Hartley, 1976,
Vear et al, 1972). With the advent of high powered lasers Raman scattering 
was applied to combustion diagnostics, and it has been widely used for 
laboratory studies (Eckbreth, 1981). High powered lasers are required for 
measurements in high temperature gases to ensure the signal is not swamped 
by interference from background luminosity (Eckbreth et al, 1977). Much 
more severe interferences occur in soot, fuel or particulate laden 
environments, where interferences from laser modulated particle 
incandescence, laser induced fluorescence or gas breakdown (Eckbreth, 1977, 
Aeschliman and Setchell, 1975) may be substantially stronger than the 
relatively weak Raman signals. Interferences present particular limitations 
to single laser pulse temperature measurements (Flower, 1981). Spontaneous 
Raman studies are in effect limited to relatively clean systems.
In the absence of interferences, spontaneous Raman spectroscopy does 
have the advantages of relatively simple data analysis, and moderate 
equipment costs. It has been widely used for combustion diagnostics, both 
in flames (Lapp et al, 1972, Drake and Rosenblatt, 1976, Strieker, 1976, 
Bechtel and Blint, 1980, Drake et al, 1981 and Lederman, 1979), in the 
exhaust regions of rocket engines (Williams et al, 1977), in shock tubes 
(Bandy et al, 1973), electric discharges (Barret and Weber, 1970) and in an 
internal combustion engine (Johnston and Green, 1982).
Johnston, and Green’s measurements in an internal combustion engine 
give an excellent example of the usefulness of spontaneous Raman 
spectroscopy, and an illustration of the importance of non-invasive probes. 
Spontaneous Raman and gas sampling probe measurements of equivalence ratios 
were compared in a single cylinder direct injection internal combustion 
engine, fueled on propane. Raman measurements were made with the 
measurement volume at the probe tip, and with the probe removed. Whilst 
the Raman and probe results were in good agreement in the former case, 
when the probe was removed, the Raman results changed substantially, 
indicating that the probe had an important influence on the environment 
This is shown in Fig. 1.2 where the equivalence ratio is shown versus 
engine crank angle for the different probe cases.
1.4 COHERENT ANTI-STOKES RAMAN SPECTROSCOPY
CARS has emerged in the last decade as a powerful gas diagnostic 
tool for practical applications. Although CARS was first discovered in 
1965 by Maker and Terhune, it was not until the early seventies that its 
potential for gas concentration and temperature measurement was 
demonstrated by Taran and colleagues at ONERA (Regnier and Taran, 1973,
Moya et al, 1975).
The CARS process is illustrated in Fig. 1.3. Two laser beams at 
frequencies and- (0g are focused in the medium under study, and via the
third order susceptibility of the medium, set up an excitation at the
difference frequency 0). - to . A third beam, generally also at frequency
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Figure 1.2 Raman scattering measurements in a direct injection
stratified charge engine; a comparison of the equivalence 
ratios measured for three different probe orientations and 
with no intrusive probe.
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oj^ , interacts with the excitation, to generate an oscillating
polarisation which produces a coherent beam of radiation at the Anti- 
Stokes frequency 2u)^  - a)^ . When the difference frequency is close
to the frequency of a Raman active transition, the signal is strongly 
enhanced. The CARS process probes the same transitions as Raman 
scattering, and the abundance of in air fed combustion leads to the
frequent use of the vibrational Q branch for temperature measurement.
Detailed dlscriptions of experimental aspects of CARS may be found in 
(Hall and Eckbreth, 1984, Greenhalgh and England, 1982) and are discussed 
more fully in Chapter 3. Historically, CARS spectra were generated by 
using narrow-bandwidth, high powered pulsed lasers, and the a^, or Stokes
beam provided by a scanning dye laser, so to vary u)^  - over the
frequency region of interest. This is shown in Fig. 2.3(a). Roh et al, 
(1974) instigated the use of broadband dye lasers to provide the Stokes 
beam, enabling a CARS spectrum to be generated in a single laser pulse, 
as illustrated in Fig. 2.3(b), giving excellent time resolution.
To build up the coherent signal efficiently it is necessary to ensure 
the correct phasing between the laser beams. This may be achieved in gases 
by a colinear arrangement, or a beam crossing geometry, such as that 
of folded BOXCARS shown in Fig. 1.3, which gives excellent spatial 
resolution.
The chief advantage of CARS over spontaneous Raman scattering lies in 
its greater signal strength and high signal collection efficiency coupled
with a reduced susceptibility to interferences. In a given environment 
the CARS signal may be many orders of magnitude greater than the 
spontaneous Raman signal, and whereas the Raman signal has a linear 
relationship with input laser power, the CARS signal displays a cubic 
dependence:
■ 13,2(f )2 lx(3)|2
Where N is the molecular number density 
da/d£2 is the Raman cross-section
K is a constant, including instrumental factors
1^ is the intensity of leaser beafm i
(3)X is the medium susceptibility
The use of powerful lasers results in a strong CARS signal, which 
emerges as a coherent, laser-like beam. The entire CARS signal may be 
collected by the detection optics, whereas the incoherent spontaneous 
Raman signal is spread over 4tt steradians, and only a small fraction may 
be collected.
The coherent nature of the CARS signal facilitates discrimination 
against background interference. In addition as is illustrated in Fig. 1.3 
the frequency of the CARS signal is higher than any of the input 
frequencies, minimising problems with fluorescent interferences. The 
relative immunity of CARS to interferences is evident from its successful
use in such hostile environments as spark ignition (e.g. Stenhouse et al,
1979) and diesel internal combustion engines (e.g. Kajiyama et al, 1982).
1.4.1 Temperature Measurement
The sensitivity of CARS spectra to changes in temperature is good.
At low temperatures rotational CARS has significant sensitivity advantages. 
Murphy and Chang (1981) have made single pulse, broadband rotational CARS 
measurements with an accuracy of + 5 K, in the temperature region 120 to 
300 K. At high temperature however, the population difference between 
rotational energy levels is reduced, and vibrational CARS is thus 
generally preferred, despite lower Raman cross-sections.
As is discussed in greater detail in Chapter 4, CARS temperature 
measurement is generally based around fitting a theoretical model to the 
CARS spectrum shape. The CARS signal is dependent on the square of the 
medium susceptibility, and this results in interferences between 
neighbouring spectral lines and a correspondingly complex spectral 
structure. The ability to calculate CARS spectra is thus central to CARS 
thermometry. Many good reviews of CARS theory exist e.g. Nibler and 
Knighten, (1979), Druet and Taran, (1979), or, more recently, Hall and 
Eckbreth, 0-984). Nibler and Knighten (1979) and Yuratich and Hanna (1976) 
have found that the vibrational, rotational and electronic selection 
rules for CARS are the same as for spontaneous Raman scattering. The CARS 
signal shape Is strongly dependent on transition line positions, due to the 
non-linear nature of the interaction, and accurate energy level data is 
essential. Raman cross-sections have been measured for many molecules of
interest (Schrotter and Klockner, 1979), Raman linewidths exert a 
considerable Influence on spectrum shape, and information on linewidths 
is important for accurate temperature measurement. Many combustion 
systems and other practical applications operate at above atmospheric 
pressure, where the phenomenon of motional narrowing becomes important.
As pressure increases, pressure broadening of individual Raman lines 
increases, but this does not lead as might be expected, to an overall 
broadening of the spectrum with pressure. Instead, the spectrum begins to 
narrow as the pressure increases. The narrowing phenomenon, which becomes 
significant when neighbouring transitions begin to overlap, has received 
considerable attention in recent years, and various models of the process 
have been developed (Stufflebeam et al, 1983, Hall and Greenhalgh, 1982, 
Koszykowski et al, 1984) for CARS.
Recently, the influence of the finite laser linewidths on CARS signal 
shapes has received considerable attention (Yuratich, 1979, St. Peters,
19 79, Teets, 1984, Rahn et al; 1984). The use of the correct model of 
laser linewidth effects is increasingly being seen to have important 
consequences for temperature measurement accuracy.
The excellent spatial and temporal resolution of CARS enable temperature 
probability density functions to be determined, by carrying out several 
hundred single shot temperature measurements at each measurement position. 
Because fitting theoretical models to experimental spectra is time 
consuming this approach is not suitable for the analysis of the large 
quantities of data that will be generated. Considerable attention has been
recently given to developing fast data analysis methods (Eckbreth et al, 
1984, Hall and Boedeker, 1984). These utilise either temperature 
sensitive features of the CARS spectra such as the v = 1 -*■ 2 *hot band* 
to v = 0 ■> 1 * fundamental* vibrational band peak height ratios, or fit 
CARS models, based on stored libraries of spectra, to the experimental 
data.
1.4.2 Concentration Measurement
The CARS susceptibility includes contributions from both real and 
imaginary resonant components, and from a real, non-resonant background 
due to far off resonant transitions, and two photon contributions.
X = + x' + i x" (2)
Where xnr is a non-resonant contribution
X I a real resonant contribution
X1* an imaginary resonant contribution
Due to the nonlinear dependence of the CARS signal on x, a modulated 
signal is generated whose shape, as well as its intensity, is dependent 
on the concentration, as is illustrated in Fig.L4. Species concentration 
may be determined from the modulation either by fitting a theoretical model 
to the spectrum, or by making use of a concentration sensitive feature
(e.g. England et al, 1984). Concentrations in the range of 0.5 - 20% may
be measured for most molecules, above this the spectrum shape loses its
Figure 1.4 The effect of concentration on CARS lineshape
10%
2 %
1 %
RAMAN SHIFT
sensitivity to concentration, and below which the signal is too weak, 
and the non-resonant background dominates.
If the polarisations of incident beams are carefully selected it is 
possible to suppress components of the CARS signal (Eckbreth and Hall,
1980). This may be used to eliminate the background, non-resonant 
component, although this entails a considerable reduction in signal 
strength. Polarization orientation may also be used for concentration 
measurement of minority species, or at high concentration, when the signal 
modulation is insufficiently sensitive to concentration. In this method, 
of * in situ referencing*, (Oudar and Shen, 1981, Farrow et al, 1981) the 
CARS signal is split into two portions, each of which may be sampled via a 
polarization analyser. The first analyser is arranged to pass only the 
non-resonant contribution, the second to pass only the resonant 
contribution. Referencing the resonant signal to the non-resonant enables 
the species concentration to be deduced.
1.4.3 Resonance CARS
The general CARS process measures the signal enhancement for the 
Raman resonance condition co^  - (jOg = u)^ , where u)^  is commonly a molecular
vibration or rotation transition frequency. However, if one or more of the 
incident laser frequencies, or the CARS signal frequency, is close to a 
one photon electronic transition frequency, the CARS signal may be greatly 
enhanced. In particular, if the resonant CARS contribution is enhanced, 
whilst the non-resonant background is not, the species detectivity is
greatly extended. Electronic resonance enhancement has been used for 
both liquid studies and gases. Both the experimentation and the data 
analysis present considerable problems. Studies to date have included 
(Attal et al, 1978), OH (Verdieek et al, 1983) and 0,^ (Attal et al,
1983, Greenhalgh, 1983). In their study of C^, an example of which is
8 —3shown in Fig. 1.5, Attal et al achieved detectivities as low as 10 cm
1.5 APPLICATIONS OF CARS
A thorough discussion over the increasingly wide range of CARS 
applications is beyond the scope of this chapter, indeed, considerably 
more than 400 papers have appeared on CARS related topics in the past 
decade. A few selected areas are discussed below, with particular 
reference to combustion studies, and other examples may be found in e.g. 
(Nibler and Knighten, 1979, Hall and Eckbreth, 1984).
15.1 Flame Temperature Measurement
CARS has been widely applied to flame diagnostics. (Moya et al, 1976, 
Beattie et al, 1978, Eckbreth and Hall, 1979a, Farrow et al, 1980, Teets 
and Bechtel, 1981, Kreuter et al, 1983, Zheng et al, 1984).
CARS has been used for temperature measurements in strongly sooting 
flames (e.g. Beattie et al, 1978 and Eckbreth and Hall, 1979). Eckbreth 
and Hall obtained axial and radial temperature measurements in a propane 
fueled diffusion flame. Incoherent interferences were observed, arising 
from anti-Stokes fluorescence from C^, excited by absorption of the
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Figure 1.5 Resonance CARS spectrum of C_ in a microwave discharge, 
with computer simulation.
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Stokes laser. The was formed by the laser vapourisation of soot
particulates. Coherent interferences were also present, from resonantly 
enhanced wave mixing from Swan bands. Neither interference
excessively degraded the CARS signal quality, and it was possible to make 
single pulse temperature measurements. Due to the high efficiency of the 
CARS process, substantially lower laser energies were needed for the 
measurements in a turbulent sooting flame, than would be used for 
spontaneous Raman studies in clean flames.
Comparisons of CARS temperature measurements with thermocouple 
measurements have been made in both diffusion and premixed flames (Farrow 
et al, 1982, Eckbreth and Hall, 1981), and CARS has been compared with 
spontaneous Raman measurements in a premixed flame (Kreuter et al, 1983). 
Farrow et al obtained good agreement between CARS and thermocouple 
measurements, although they found it necessary to improve the CARS spatial 
resolution from 3 - 4  mm to 1 mm FWHM in regions of high temperature 
gradients, to avoid notable discrepancies. The scanning CARS measurements 
of Eckbreth and Hall (1981) in a methane-air premixed flat flame agreed 
within 10 K with radiation-corrected fine wire thermocouple measurements.
Hall and Boedeker (1984) in measurements in laboratory ethylene-air 
diffusion flames noted important effects in the fuel rich regions. It was 
found that hydrocarbon fuels made large non-resonant contributions to the 
medium susceptibility. Unless this was accounted for significant 
temperature errors were observed, and this emphasises the importance of the 
assumption of the correct concentration, when analysing spectra to 
determine temperature.
A further example of the scope of CARS is its use by Teets and 
Bechtel (1981) for the detection of minor species and free radicals.
They have detected oxygen atoms from electronic Raman transitions in both 
hydrogen-oxygen and methane-oxygen flames. They report the first 
observed CARS spectra of 0 atoms, and estimate feasible detectivities of 
1%.
15.2 CARS in Engines
In comparison with flames, the internal conbustion engine presents a 
very hostile environment. CARS has been successfully applied to both 
spark ignition, and diesel engines on several occasions.
1. Spark Ignition Engines
The first application of CARS to an internal combustion engine was 
performed by Stenhouse et al (1979) in an engine which was motored with 
propane fuel and fired with gasoline fuel. Stenhouse et al were not able 
to make measurements throughout the engine cycle, and experienced problems 
with beam defocusing, primarily due to refractive index gradients as the 
flame front passed the measurement volume. A narrowband scanning CARS 
arrangement was used, and it was therefore necessary to synchronise the 
scanning of the Stokes laser with the engine cycle, and to build up the
CARS spectra for each part of the engine cycle in a piecewise fashion. The
yJ
approach thus inblved averaging over many engine cycles, and thus over
r- '
both turbulent temperature fluctuations and cycle to cycle variations.
Due to the nonlinear nature of CARS, in the presence of a wide temperature
range, averaging produces a distorted spectrum shape, and errors may be 
introduced in the temperature deduced from it.
A research engine, minimising cycle to cycle variations has been used 
by Rahn et al (1982) to obtain high quality ^  spectra, from which
temperature was determined. Broadband single pulse CARS gives excellent 
temporal resolution, and avoids averaging problems; this was first applied 
to measurements in internal combustion engines by Klick et al (1981, 1981a). 
Klick et al have since (1984) made use of videotape to store the 
substantial quantities of data generated, when carrying out single shot 
measurements in engines.
2. Diesel Engines
Optical conditions in diesel engines present considerable problems 
for diagnostic systems, as any access windows readily become obscured by 
sooting, and the incident light beams are scattered by the injected fuel.
The rapid fluctuations of temperature and pressure require the measurement 
system to be both robust, and to have good spatial and temporal resolution. 
Kajiyama et al (1982) have performed N^ , temperature measurements in a
commercial, direct injection diesel engine. A colinear, broadband, single 
pulse CARS system was used for optimum temporal resolution. To reduce 
window fouling, the windows were offset from the cylinder, and boiling 
water was circulated, to stop the engine temperature falling below 70°C. 
Cetane was used as the fuel, as it produces less soot. Even in the region
from ignition to top-dead-centre, which the authors found the most 
unfavourable part of the cycle, due to the presence of both fuel droplets 
and soot, good quality CARS spectra were obtained.
1.7 JET COMBUSTORS
At the same time as the first CARS internal combustion measurements, 
CARS was used for measurements in jet combustors by Switzer et al (1979), 
(1980), by Pealat et al at ONERA (1980), by Eckbreth (1980), and later by 
Greenhalgh et al (1983).
Greenhalgh et al (1983) have applied CARS to measure temperature 
fluctuations in the primary combustion zone of a gas fired jet combustor 
simulator. Small samples of instantaneous temperature measurements were 
obtained at two positions in the combustor, one in front of a fuel inlet, 
the other between fuel inlets, where a wider range of stoichiometries was 
present. A significantly broader temperature probability density function 
(pdf) was observed at the point between fuel holes, consistent with the 
greater range of stoichiometries.
More recently, the first application of CARS to an afterburning jet 
engine has been reported by Eckbreth et al (1984) . Due to the extreme 
operational conditions, the CARS instrument was operated completely 
remotely, and the CARS signal transported by fibre optic to the detection 
optics. Initial experiments produced time averaged spectra for
thermometry and species measurements of 0^, CO and H^O. Single shot spectra
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Figure 1.6 Time averaged H20 CARS spectra in jet engine exhaust as 
the power levels are increased.
were also demonstrated, enabling the determination of temperature pdfs. 
Fig. 1.6 shows the time averaged H20 spectra in the jet engine exhaust
as the power levels are increased as the after burner, or augmentor, is 
fully lit.
CHAPTER 2
CARS THEORY
2.1 INTRODUCTION
As reviewed previously, the CARS technique has played an increasing 
role in providing temperature and concentration diagnostics, remotely, 
in hostile environments. Because the CARS process is dependent on the 
square of the molecular susceptibility, the spectral profile of the CARS 
signal is considerably more complex than that of a Raman signal. 
Temperature measurements are generally performed by fitting a theoretical 
model of the CARS spectrum profile to the experimental spectrum shape.
The accuracy with which temperatures may be determined is thus dependent 
on the CARS model, and its accurate calculation is of central importance 
to CARS thermometry.
This chapter discusses the computation of CARS spectra. A knowledge 
of the dependence of vibrational and rotational energy levels, selection 
rules, and molecular structure is required. These items are covered in 
the preliminary section. The form of a CARS spectrum produced by 
monochromatic lasers is discussed, and the effects of laser linewidths on 
the spectra considered, including both the commonly used treatment of 
Yuratich (1979) and recent revisions proposed by Kataoka et al (1982) and 
Teets (1984).
The CARS spectrum shape Is strongly influenced by the molecular 
Raman linewidths, and the last section of this chapter is concerned with
the contributions to the linewidth for the temperatures and pressures of 
interest for combustion and chemical reaction studies. In particular the 
phenomenon of motional narrowing, where the spectrum profile collapses 
about the centre of the band is of crucial importance in determining the 
CARS spectrum shape at high pressures. Considerable interest has been 
focused on the problem of calculating motional narrowing effects, (Hall 
et al, 1975, Alekseyev et al, 1968, May et al, 1970 and Gordon and 
McGinnis, 1971), in recent years. Motional narrowing is determined by 
the rate of collision induced energy transfer between molecular states, 
and may be described by a relaxation or TG* matrix. Models for the 
interstate transfer rates are discussed and a new, general, model presented, 
which gives good agreement with experiment. Finally, both the general 
motional narrowing model, and the alternative model of Hall and Greenhalgh 
(1982) are reviewed.
2.2 MOLECULAR CONSIDERATIONS
The CARS process arises from the interaction of three incident electric
fields with a dielectric medium, inducing a polarisation in the medium.
In general the CARS input electric fields consist of three distinct
frequency components cu.,w and ,, although commonly the degenerate form
X S X
a y  = 03^  is used. The process is illustrated in Fig.2.1(a). The .polarisation 
component induced by fields at and 0)^  gives rise to an oscillation at
frequency 0)^  - a3g in the medium. Interaction of this excitation with the
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component of the field at u^t results in the creation of a coherent signal 
at the sum frequency go = go. t + oj. - go • As the frequency of the
ciS 1 x S
oscillation go. - go approaches an allowed vibrational-rotational Raman 
X s
transition Gor  ^, the process becomes resonantly enhanced.
The polarisation acts as a source term in the wave equation and for 
a nonmagnetic, homogeneous and isotropic medium this is:
(V2 ECr.t) =
c St Z c 3t (1)
The polarisation P can be expressed as a power series of the bulk 
susceptibility of the medium and the incident electric field.
P = X (1)E + X (2 )E2 + X (3)E3 ... (2)
Where is the dominant term at low electric fields and is responsible
for such processes as Raman scattering, absorption and 
refraction;
(2)
X and all even order terms are zero in all isotropic media, but
(2)
X gives rise to frequency doubling in the class of non- 
centrosymmetric solids;
(3)X becomes important at high electric fields. The lowest order
non linear effect in gases, it is responsible for CARS and
Raman Gain Spectroscopy;
... and higher order terms are progressively smaller and thus 
of less interest.
For the case of monochromatic laser fields at frequencies to^ >cos an^
Co. x it can be shown that the non linear polarisation at to is given by:
J. cLSas
E(oo ) E(to T) E(m ) where E(co.) are the electric field amplitudes
x X S 1
(3)
co^  are the monochromatic frequencies
X
(3) (3)indicates that x bulk susceptibility is a fourth rank
tensor characterised by four frequencies and four polarisations.
The CARS susceptibility is dependent on the Raman behaviour for a 
particular species and exhibits the same Raman vibrational, rotational 
and electronic resonances. The occurence of a CARS or Raman spectrum 
thus depends on the polarisability of the molecules concerned. In 
particular, the polarisability must change as the molecule undergoes 
vibrational or rotational activity. This behaviour may in passing be 
contrasted with that observed in infra-red absorption spectroscopy, where 
the prerequisite is the presence of a permanent dipole moment which varies 
with molecular vibration or rotation. Thus species which are Raman, and 
thus CARS active may not be infra-red active and vice-versa, and the 
selection rules may differ between infra-red and Raman.
The molecular1structure is thus central to the form of the CARS 
spectrum observed for a given species, both via the above considerations 
and through molecular energy levels and transition linewidths.
2.2.1 Molecular Structure
The Bom-Oppenheimer approximation states that Schrodingerfs 
equation for a molecule may be s^e)arated to deal with the nuclei and the 
electrons independently, as the more massive nucleus is practically 
stationary in comparison to the lighter atoms. The total energy may thus 
be expressed as a sum, in the frame of reference of the molecule:
etot evib + srot + £el (4 )
Where e ^  is the vibrational energy (typically 1000 cm *) 
erot is the rotational energy (typically 1 cm *)
is the electronic energy (typically 100000 cm *)
2.2.2 Vibrational Structure
In general for a linear molecule composed of N atoms there are 
3N-5 fundamental vibrational frequencies and for a non’-linear molecule 
3N-6. Insight into the Raman activity of a particular vibration may be 
gained by considering how the polarisability changes with inter-nuclear 
distance. As the complexity of a molecule increases this becomes 
progressively more difficult. It is then more useful to examine the 
variation of the quantum mechanical vibrational polarisability components 
in the region of the equilibrium position. Thus if
aa^ / 3Qo = 0 (5)
where o^ . is the ij component of the polarisability tensor.
Qo is the normal coordinate of vibration.
A vibration will not be Raman active.
The most basic example of molecular vibration, that of the diatomic 
molecule, may be approximated by two particles connected by a spring in 
the harmonic oscillator approximation. The potential energy U, is 
then:'
U = ^K(r-re)2 (6)
where K is the spring force constant 
r is the distance between atoms 
re is the equilibrium distance between atoms.
The frequency of the vibration v, is given by:
1 K ^1 m2
v = -—  /■— where y = —  ---, the reduced mass.
2 ir /  y mi +m2 ( 7)
The allowed energies for this system may be determined from the solution 
of Schrodinger1s equation:
*) o ^
r  r i  , / v2 .
” 777 T T  + JK(r-re) = ei|i
2y r K (8 )
To be ev “ (v + |) hem, v = 0,1,2,...
The vibrational energy levels are thus quantised, and characterised by 
quantum number v and zero point energy £^:
= 5 die 0)
The solution to Schrodinger*s equation may be written as:
ip. ae 2°^r re  ^ H./2ra(r-re) (9)
where £  /—
is the Hermite polynomial of degree v.
The selection rules may be obtained by considering the components of 
the transition polarisability tensor a *x »y?» where x ’y f denote the molecular
coordinates. Assuming the components are functions only of the vibrational 
normal coordinates q:
3a f -t
a t t v.v. = (a f t)<^v-|ipv.> + (— o<^v_| q | i|>v. > 
x y f l x y f* l 3q x (1 0)
Where f denotes the final state
i denotes the initial state
q is the vibrational normal coordinate
o denotes equilibruxm value.
The first term on the right refers to the•equilibrium value and
relates to Rayleigh scattering; due to the orthogonality of the wave
functions it is nonzero when v =v.. The second term relates to Raman
f x
scattering and again due to the properties of the wave functions for it 
to be nonzero, the vibrational quantum number must change by unity. Thus 
the selection rule for the harmonic oscillator with respect to changes in 
vibrational state is:
Av » +1 (1 1)
Because the energy levels are equally spaced all vibrational 
transitions have the same frequency. As the harmonic oscillator model 
implies that at infinite molecular separation a system has infinite energy 
it is a considerable over simplification. Only in the case of has it
been possible to calculate the molecular potential. However, a simple 
empirical expression that is a good approximation in practise is the well 
known potential function proposed by Morse:
D = De (l-e-B(r-re))2 (12)
Where is the Dissociation energy as measured with reference to the
equilibrium energy 
B is constant for a given molecule.
Solution of the Schrodinger equation for the Morse potential leads to the 
energy levels:
and to term values in cm
Gv = u>e (v + j) - uexe (v + { ) 2 , v = 0,1,2 (14)
Where is the oscillation frequency
a) x is the anharmonicity constant, 
e e J
The vibrational energy levels decrease with increasing v.
In addition, to. the smaller level spacing with higher v,
changing to the anharmonic oscillator model has also resulted in the
selection rule being modified to:
Av = ±1, ±2, ±3, ... (15)
However, transitions of more than 1 occur with rapidly decreasing 
probability.
The Morse function is a very good approximation, but for increased 
accuracy at large v is is necessary to include even higher order 
anharmonicity constants a)eye » ajeze *
For diatomic molecules at room temperature only the ground state is 
significantly populated, and thus the v = 0 to v = 1 transition is 
strongest. With increasing temperature higher vibrational levels become 
populated, and thus the corresponding transitions at lower frequencies 
become significant.
2.2.3 Rotational Structure
The rotation of a molecule may be treated in terms of its moments
of inertia and angular velocity about perpendicular axes through the
centre of gravity of the molecule. Molecules may be classified by their 
moments of inertia I about these three axes a,b and c:
1. linear molecules la * lb, Ic ■ 0 , eg CO^
la ■ lb f  Ic, eg NH_2 . symmetric tops
3. spherical tops la * lb =* Ic, eg CH.
4. asymmetric tops la ^ lb ^ Ic, eg H^O
The rigid rotor approximation assumes that molecular dimensions are 
independent of molecular vibration and rotation. For the diatomic 
molecule this gives:
Figure 2.2
where r^ and r^ are the distances of atom 1 and atom 2 from the centre of 
gravity c. The moment of inertia about c is then:
2 m I “2
I = yr , where y = --- 7--- *
®1 ®2 (16)
The potential energy is zero for a rigid rotator, and Schrodingerfs 
equation may be solved to yield energy levels:
h2
e. = ' y  J(J+1) ,  J 88 0 , 1,2 , . . .
J 8tt yr (17)
The solution functions are the spherical harmonics Y^ (0, 9 and the term 
value may be written:
£j = — |—  J(J+1) cm" 1 » BJ(J + 1) cm" 1
8tt Ic (18)
Where B is the rotational constant for the system.
Typically the rotational energy level spacing is quite small for most 
molecules, in comparison to the vibrational energy levels and so more 
rotational than vibrational levels are significantly populated at room 
temperature.
For diatomic molecules calculation of the rotational transition 
polarisability components yields the selection rule:
AJ = 0 , ±2.
These are traditionally classified into branches:
AJ = -2 0 Branch 
AJ = 0 Q Branch
AJ = 2 S Branch
Examination of experimental data shows that the transition frequency
spacing is over predicted. A better model is obtained if the stretching 
effect of the centrifugal forces on the bond lengths is included. This 
gives energy levels:
ev = BJ(J+l) - DJ2 (J+1)2 (19)
4B2
where D = — —  and ai is the vibrational frequency.
03
The effect of centrifugal distortion has been to compress the energy 
levels slightly. However, the selection rules for the rotational spectrum 
are not affected.
2.2.4 Polyatomic Molecules
Restricting consideration to diatomic molecules ignores many 
species of considerable interest to combustion studies. As the molecular 
structure becomes increasingly complex there often follows a much greater 
complexity in spectral structure. Whereas analytic expressions may be 
derived for the transition frequencies of diatomic molecules, for many 
polyatomic species ab initio calculations may not be possible.
1. Linear Molecules
Like diatomics, linear molecules have, approximately, zero moment of 
inertia about the intemuclear axis. The energy levels are of the form:
e = BJ(J+l) - DJ2 (J+1)2 (20)
where B = — =—  and lb is the moment of inertia about an axis
8ir lb
perpendicular to the intemuclear axis
Similarly the rotational selection rules are the same as for diatomics.
2. Symmetric Tops
Symmetric tops are characterised by two equal principal moments of 
inertia la « lb ^ Ic. In general all molecules with a three or higher 
fold axis of symmetry are symmetric tops. The motion of a symmetric top 
is more complex than that of a linear molecule and consists of rotation 
about the molecular symmetry axis, which in turn rotates about the total 
vector of angular momentum. The main axis of rotation is not fixed with 
respect to the molecule, although there is a constant component of 
angular momentum in the direction of the symmetry axis. For a rigid 
prolate symmetric top the energy levels are:
e = B(J+l) + (A-B)K2 . (21)
Where K denotes the component of angular momentum about the symmetry axis.
2 2
A = - E -  B =2 2 
8tt la 8 tt lb
The selection rules, neglecting centrifugal stretching, are:
AJ = 0, ±1 (except for K=0), ±2 and AK=0
3. Spherical Tops
The spherical top, with la = lb = Ic is the degenerate case of a 
symmetric top. This degeneracy results in a simple rotation about a fixed 
axis in space, and the energy levels in the non-rigid rotor approximation 
are given by:
e = BJ(J+1) - DJ2 (J+1)2 .
However, due to the spherical symmetry there is no varying induced 
polarisation with molecular rotation, and so no rotational Raman or 
CARS spectrum is observed.
4. Asymmetric Tops
Asymmetric tops with la i  lb 4  Ic constitute a sizable proportion of 
molecules of interest in combustion diagnostics. An asymmetric top has 
no axis in the molecule along which there is a constant component of 
angular momentum. It is thus not possible to write down an analytic 
expression for the energy values of an asymmetric top and although models 
have been produced (Jain and Thompson, 1983), the high sensitivity of 
CARS to errors in transition frequency, has prompted most workers to use 
experimental measurements of transition frequencies, such as those of 
Camy-Peyret et al, 1976 and Flaud et al, 1976, for H^O.
In general asymmetric top molecules have Raman spectra, and the 
selection rules are calculated to be:
A  J = 0 ,  ±1, ±2.
2.2.5 Vibration-Rotation Spectra
Returning to the Bom-Oppenheimer approximation, the energy of a 
simultaneously rotating and vibrating molecule is given by:
For the case of the diatomic molecule, in the electronic ground state
e = B J(J+1) - D J^(J+1)^ + (v + g)hco) - hcoo x (v + k ) ^  + ... 
v v e e e
Where the Bv and Dv are averaged over the molecular vibration:
(22)
(23)
The selection rules for the vibration-rotational system are those for 
vibration and rotation considered separately, i.e. for diatomics vibrational 
0, Q, and S branches are obtained:
The relative intensities of the different branches may be determined 
from the squares of the transition moment amplitudes for the appropriate 
transition, which for the Q branch are dependent on both the isotropic and 
the anisotropic components of the polarizability. For the 0 and S branches 
the amplitudes depend only on the anisotropic contributions, which may be 
small. Raman Q branch spectra are in general quite substantially stronger 
that the 0 and S branch spectra and are thus more widely used in combustion 
diagnostics.
Av = ±1, ±2, ±3
AJ = 0, ±2.
2.3 CARS SPECTRUM CALCULATION
(3)
2.3.1 Calculation of x
(3)It may be noted from the expression for the induced polarisation
p(3)(“M ) ■ I x (3)C ^ m .<v “i ..-“8] + x (3)C-oas, v , V - V |  I
E(u) ) E(a). t) Es(a> )■
1 1  s
(3)that the calculation of x is central to the modelling of CARS spectra. 
(3)X has been derived either classically or quantum mechanically, (Hall 
et al, 1980, Druet and Taran, 1981 and Armstrong et al, 1979)* Hall et al
(3)have derived x using a density matrix formulation, where in terms of 
the molecular density operator p(co) the polarisation is:
P (3)(t) = N Tr(pa) E(t) (24)
Where
N is the species number density
E(t) is the incident electric field
a is the molecular polarisability.
The equation of motion for p is solved by a perturbation expansion in
2
powers of the interaction energy h(t) = -gaE .
f r = - k  fH0’Pl ~ k  + /(3+(g)pS(g) - p)F(g)dg (25)
Where Hq is the unperturbed molecular Hamiltonian
g designates the set of parameters describing the collision 
F(g) is the frequency of g type collisions 
S(g) is the scattering matrix.
(3)X is thus derived to be:
X(3) = Zij-O. I Oj, ipt(o) G -1
3 ^  3 k k k 3k
Where j,k denote quantum numbers of the Q branch transitions
Apk the unperturbed fractional population difference for 
transition k.
G.. is the TG matrix*:
Gjk - i(“l -“rj5 6jk + V  +^ k(1- V  (2?)
Where
a) is the unperturbed frequency for transition j
T. is the linewidth for transition j
1
A_. is the pressure shift for transition j
S.. is the Dirac delta function
specifies the rotationally inelastic relaxation rate 
between states j and k.
The on-diagonal elements of the G matrix represent the isolated Raman
linewidths and the detuning from Raman resonance, and the off diagonal
elements represent the collisional energy transfer between states. At
low molecular density both A. and y., may be neglected, giving:
3 3^
-1 6jk
G . ------------J------------
and thus
jk i(o). -co -co .) - T ./2 /no.
J 1 s rj j (28)
(3) . » f____ ip(0>
v  2 ( ^  - v e - » r j ) - ±r (29)
which may be expressed as
K Af..
( 3 ) ___________ ij__________
X ”  2  (03 .-03  -03 . )  -  i r .  .
1 S rj J (30)
where
Nf 1 0 10 d6 
K = — -— t----1--
8hc ir o) dfi (31)
s
-3
where
N is the molecular number density, m
f is the fractional concentration of species
h is Plancks constant, Js
c is the speed of light, ms ^
ws is the Stokes frequency, cm ^
2 -1
da/dft is the Raman scattering cross section, m Sr
Af.. is the fractional population difference between states
ij
is the Raman transition frequency, cm  ^
r is the Raman linewidth (FWHM) cm ^
Note SI units are used, except for frequencies, (cm~^) . (All
integrations are from -00 to 00 unless otherwise stated).
2.3.2 The Effects of Laser Linewidth
Equation (3) is valid when the laser fields have linewidths much 
less than I\ , in general however they are of the same order as , or
considerably larger. For finite continuous laser spectral outputs we 
have:
p(3>^as) = /lx(3) t > a s * V V ’-lVl + X<3) O a s - V ’V ^  1
E.(a). ) E,, (aOEs(o) ) 6(u) - 0),- 0)., + w ) dco, do), t dco
l i l l  s as l l  s 1 1 s
This equation is exact for homogeneous laser spectra as produced by well
stablised single mode lasers. In reality, due to oscillation on several
i\
longitudinal modes within the gain profile a more complex spectral shape 
results. If a reasonable number (>5) of modes fall within the laser half 
width the output is considerably more uniform in both time and frequency 
domains (Yuratich, 1979), and this is assumed in what follows.
In the most widely used analysis of the effects of laser linewidth, 
Yuratich, (1979), makes the assumption that the phases of the laser fields 
are random, and in addition that where a single laser is used to provide 
oj^  and 03^ ,:
(3) (3) (3)
x t"“as,V (V'"Vl + x “ '2x t“aa*“l*“l’'"“S]
(33)
The CARS spectrum obtained is dependent on the experimental 
configuration and it is thus necessary to consider the different 
possibilities:
2.3.3 Scanning CARS
Traditionally the CARS spectrum was obtained by varying co.-a) , and
JL S
recording the integrated intensity around 03 , as is illustrated in Fig. 2.3
E S
The observed spectrum is the integration of the parts of y brought into 
resonance by o)j-a3g . Normally 03^ 1= 01^  and is produced by a fixed frequency
laser, so w is tuned to obtain the spectrum. This configuration is well
suited to high resolution or optimum sensitivity work, providing the 
environment is not turbulent.
Provided that the bandwidth of the detector is large compared to 03 ^
and 03 Yuratich (1979) describes the spectrum by: 
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Figure 2.3
where oj^  - , the Raman shift of the driving spectrum
o
and las is a peak normalisation factor.
Where the spectra of co^  and are either Lorentzian (L) or Gaussian (G) 
the form of S^, the ‘driving spectrum* can be described using the well 
known convolution properties of Lorentzians and Gaussians:
r .
L: S,((0 * 1
d d 2 v ,  N2 J „ 2
(a) -oj.+o) ) +r /4 
rj 1 s d
r  =  r  +  r
d *1 s (35)
G: SdC“d) = ¥/,
1 e r;l
¥  =  ft 2  +  r  2  
d “ l s (36)
f\j
where T is the 1/e halfwidth of the Gaussian.
Note that for both cases f S , (co) do) = 1.
a
2.3.4 Broadband CARS
In turbulent systems with rapidly changing temperatures or 
concentrations, the non-linear nature of CARS gives rise to a distorted 
spectrum, if it is collected relatively slowly whilst scanning a laser.
The very high temporal resolution of broadband CARS has lead to its
increased use in such environments. The entire CARS spectrum may be
generated in a single laser shot if the broadband dye laser is used to
provide co . Typically co is made broader than the spectrum of interest 
s s
so that co^  - cog excites all the Raman transitions simultaneously, e.g.
Fig. 2.3 (b). The mixing of this molecular excitation with a necessarily 
narrow S^t(o>^t) results in a spectrum which is dispersed and recorded on
an optical multi-channel analyser. The observed spectrum is the part of
(3)X brought into resonance by all combinations of co, - co , which fall
1 s
within the width of co^ t. In the treatment of Yuratich it is described by:
Sas(“as) “ I“ ' l x | > k , » V V * ^ . ] (3)|2V V Sl,(“.s " V  d“d (37)
Where is large, varies minimally over the spectrum of interest and 
equation (37) may be simplified to:
Sas(u>as) = las Sd (o>d) /Ix^C-^s.Ui.w^.-coJI2 S^Cu^,) d^ ,
Unfortunately, broadband lasers do not usually emit spectra of a 
simple form. The result is a sum of contributions from many oscillating 
modes leading to a ragged spectrum envelope. If the number of modes are 
increased the degree of noise the dye laser exhibits is reduced by 
averaging ( Greenhalgh and Whittley, 1985). The noise: is
therefore frequently reduced by summing the spectra over several laser 
shots.. As discussed in greater detail in the Experimental Chapter, the 
dye laser spectral shape may be ratioed out by referencing the CARS 
spectrum with a spectrum of the broadband dye laser. The reference 
spectrum is generally obtained by measuring the averaged CARS spectrum of 
a medium with no transitions in the relevant frequency range. The ratioed 
spectrum is then:
Sas(“as) ": IaS /lx(3)L-“as*“l'“l**r‘“si|2 S1'<V> dV  (38)
When the broadband technique is employed, the resultant signal has 
contributions over a wide frequency range, and is therefore dispersed, 
normally by a spectrograph, onto a multichannel detection system. This 
further optical processing introduces an extra convolution into the 
integral. This convolution arises from several sources: both the finite 
resolution of the optics, and diffraction effects from the spectrograph 
slit edges, together with the slit width may limit the resolving power.
The latter effect may be less severe for CARS than for an incoherent 
signal, as the CARS signal may be focussed to pass within the slits, and 
it has been observed by the author that the CARS signal shape is relatively 
insensitive to the slit aperture. Particular limitations on the resolution 
are however imposed by the spectrograph dispersive element (e.g. grating), 
and the multichannel detector due to both the finite size of each detector 
element and due to typically 30 to 40% optical and electronic crosstalk 
between adjacent detector elements.
TI(cj) = / SL({jo) .DE(u)) .MD(u))du) (39)
TI = total instrument function 
SL = slit function 
DE = dispersive element function 
MD = multichannel detector function 
Numerically it is most efficient to continue all the convolutions into a 
total convolution function:
For practical purposes the function TC may be constructed 
empirically by fitting the components of the function to a spectrum 
obtained under known experimental conditions. It has been found that 
Lorentzian and Gaussian components adequately represent the spectrograph 
used for the experiments described in this thesis. However, for some 
spectrograph/detectors asymmetric components of the convolution function 
are required.
Equation (38) then becomes:
A strong similarity between equations (34) and (41) exists, 
essentially amounting to the exchange of S^(oj) and TC(oi) . In this
formulation these equations form the basis of CARS spectrum calculation.
TC(co) = / TI(a)) Slt(a))da3
(40)
ij TC(w)da)
(41)
2.3,5 Cross Coherence Effects
In a recent paper (Teets, 1984), Teets has proposed that the
assumption of equation (33) is not generally correct, except in the limit 
of monochromatic waves:
pump roles. This revised formalism has signfificant effects on the CARS 
spectrum shape, and in particular may result in the reduction of the 
resonant component of the signal relative to the nonresonant components, 
when the pump laser.linewidths are of the same order as, or greater than, 
the molecular linewidths.
Returning to equation (32) , if the elementary polarisations have 
random phases, this may be transformed to give:
x(3) [- '^1t
(3 3)
If equation (3 3) does not hold, cross terms in the susceptibility
components are included, corresponding to the and beams exchanging
Ias(co ) = las
as l
(42)
This is applicable for stationary laser fields obeying Gaussian
statistics, or where the uj^  and oj^ t beams have been subject to a relative
path difference greater than their coherence length (Teets, 1984). The 
effect of the cross terms between resonant components is evident in a
2
comparison of the x integral terms, for Yuratichs incoherent treatment 
and this coherent treatment:
Writing
x K s ’W > - “S3 = A r  + *1 + A "
where
Xnr is a nonresonant background
t
is the real resonant component of X^
•*
Xj is the imaginary resonant component of x^ 
Then the standard formalism gives:
/ U X i l 2 = A /  + bXnrf(xP  + + *1
a,b,c, constants, f,g denote- convolutions.
Whereas the inclusion of coherent cross terms results in:
(43)
(44)
/|xlt + XjJ^ * aXnr^ + b/2 X^fCXi + + c/4 g ( x ^ 2 + xj? + x f  + xj 2)
, 1 1  II M .
+ c/2 g(x1X1» + Xx X1 i) (45)
As the laser linewidth is substantially increased relative to the 
Raman linewidths the cross terms X^'x^t and xj* -xj't tend to zero. Thus
the purely resonant component of the signal is reduced relative to the 
other components. This effect is most evident for conditions where 
resonant and nonresonant contributions to the signal are comparable, not 
at extremely high or low concentrations.
Kataoka et al, (Kataoka et al, 1982) have obtained good agreement 
with a theoretical model including coherent cross terms, and CARS spectra 
of p-xylene, using various laser pump widths.
More recently, Hall (R.J. Hall, 1985) has compared the two treatments 
with broadband CARS spectra measurements in an ethylene-air diffusion 
flame. He has observed significant discrepancies between temperatures 
deduced using the two formalisms when the background susceptibility 
contribution is a substantial fraction of the signal.
Further evidence for this effect is evident in the work of Rahn et 
al, (Rahn, et al, 1984) who have carried out measurements of nonresonant 
and resonant components of the CARS signal as a function of a time delay 
introduced between the two pump beams. An overall increase in signal was 
observed at zero delay, as was an increase in the magnitude of the 
nonresonant component by almost a factor of 2 relative to the resonant 
one. A model based on Gaussian laser statistics failed to model the 
change in nonresonant contribution, although good agreement was obtained 
for the resonant contribution. It has been noted that the cross coherences 
can be modelled for large delays because Gaussian time statistics are
appropriate. However at zero delay, high intensity spikes in the pump 
beam result in a laser that may not be described by Gaussian statistics, 
in particular as irregularities will be magnified in the frequency 
doubling process.
2.4 SOLUTION OF INTEGRAL EQUATIONS 
2.A.1 General Numerical Integration
(a) Standard approach
Essentially the problem of modelling CARS spectra is based around
(3) ^
equations (34) and (41). In one method |x | is determined for a given 
number of values of and the integrations are then performed numerically,
It is assumed in what follows that the molecular transitions have 
Lorentzian lineshapes. This is in general valid for molecules, with the 
exception of H^, in combustion environments at atmospheric pressure or
above.
Again writing
x<3> =; Xnr + X ’ + iX"
so
where
x (3) 2 = (x_„ + x*)2 + (x")
n r  A ' K A  ' (46)
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Figure 2.4 Real and imaginary contributions to the CARS signal
CA
RS
 
SP
EC
TR
A
L 
B
E
H
A
V
IO
R
see equation (31) for definitions.
Figure 2.4 shows typical plots of x" and x' about ^ . x' shows a
dispersive nature; decreasing relatively slowly with increasing detuning, 
compared to x"» Thus it is important to include all significant
transitions which contribute to Contributions to x ? both arise from
highly detuned Raman transitions far from the region w of interest and
also from distant two photon sum transitions, as illustrated in Fig. 2.4(b)
0) = 0), + 01- , = <D + w
tp 1 I s as (49)
Under normal conditions the two photon sum transitions are not in 
resonance and ('A [ is large:
k =  U), +  U). t -Cl) /cr.x
tp 1 1 tp (50)
Consequently only the real part of these two photon transitions make 
significant contributions, x^ j. is an approximation to the summation of all
the x* and xr of distant transitions, 
tp
2
Having obtained the x spectrum the total linewidth convolution 
integration is performed numerically using Simpson*s rule. It is 
important to use a sufficiently small step size for this integration if
the spectrum is to be accurately modelled, x is calculated at driving 
frequency intervals dictated by the minimum linewidth of interest, which 
is generally the molecular linewidth. The integration is then evaluated 
at the required frequency spacing.
(b) Coherent approach
The application of the general numeric treatment to the formalism 
including coherent cross terms necessitates the evaluation of a double 
integral over the two pump beams, and is therefore considerably more time 
consuming.
2
As the x spectrum is not dependent on a unique (d,-w it is
1 s
necessary to evaluate both x ? and x" over a fine frequency grid in to -w .
1 s
For broadband CARS, assuming the dye laser spectral shape is sufficiently 
slowly changing to be excluded from the integration, and that the 
spectrum has been ratioed to a reference:
//Ixfaj-Ng) + x ( w lt-0>s)| I1(«1) I1(tolt) 6(toas-(o1-toll+tos) doijdUj,
for all to =03. +oj- T —co .
as 1 1 s
The integral may be evaluated by a Simpsons rule convolution, and the
2
X spectrum, including coherent cross terms, evaluated at intervals 
suitable for the instrument function convolution, which may also be applied 
by numerical integration. The time penalty incurred in evaluating this 
double integral for each anti-Stokes frequency is considerable. For
example, the calculation of a CARS spectrum at 1050 K s using current
code on a CRAY 1 computer takes approximately 40s for a coherent
treatment, for a laser pump width of 0.25 cm  ^ compared to approximately 
Is for the incoherent treatment.
As has been noted by Hall (Hall, 1985) in the limit where the pump 
beam linewidth is very much larger than the Raman linewidth, the cross 
coherent terms are negligible. The resonant contribution, as in equation 
(46), is then | that obtained using the standard approach. Under these 
conditions the spectrum calculation takes no longer than that without the 
cross terms.
Cross term coherence effects are not significant in the limit where 
the laser linewidth is significantly less than the Raman linewidth.
Therefore an alternative means of reducing the computational complexity is 
to use narrowbandwidth pump lasers, which has the additional advantage of 
greater resolution, and greater signal intensity than obtainable with broad 
pump lasers.
2.4.2 Analytic Solution
1) Standard approach
An alternative procedure, especially where slit functions are not 
required is to expand the integral equations into the separate components 
in x> ancl evaluate the resultant integrals at the final frequency points 
required. A Lorentzian profile is expected for most transitions of interest
to studies at or above 1/3 atmospheres. The integrals may be expressed 
in terms of Voight profiles, the combination functions of a Lorentzian 
and a Gaussian. From Yuratich (1979) one can write equation (34) for a 
scanning configuration:
Ias(m ) = x_ 2 “ 2 X_ ImW;
a s ' *nr * *nr A(j) j
d
_ A  ,, xgj (xg CReWk+ReW,))((r.,rk)/2 + (3^-amW^)
% r ■ r^  jk , N2 .
« (to , -to .) + ("“ — )
rk r] 2 (52)
Where W(z) is the Voight profile, which is the real part of the 
plasma dispersion function.
2 . 2 
W(z) = e”Z (1+ f Z e t dt)V 7T O (53)
and W_. represents:
to . ~ a ) , + i r . / 2  
w . =  W ( J 0 . .  i— .J — )
i <\* '
3 r.
where tor_. is the frequency of the jth transition
I\ is the Gaussian convolution function 
a
The first term in equation (52) is additive and represents the
(3} 2
contribution of to |x I • The second term arises from the
(54)
\
(3)
interference of the real part of x with the background. Note that the 
imaginary part of the complex error function is equivalent to the real 
part of x and vice versa. The third term normally represents the bulk of 
the spectrum arising from individual line contribution (j = k) and cross 
terms (j^k). In order to understand the third term we have to examine 
the functions R e ( W ^ . / r ^ )  and I . m ( W _ . / r ^ ) . Figure 2.5(a) and (b) shows a
series of plots of these functions for values of T. = 0.1 and 0.3 cm”^
3
and rd = 0.1 and 0.3 cm \  and detuning A = - oo^ . Figure 2.5 (c)
shows the log of the functions for positive A. Note that as T, increases
d
Im(W.) at large A increases, but the amplitude of Im W. and Re W. decrease. 
3 3 3
This is to be expected in that decreasing the experimental resolution 
(increasing causes a decrease in the ’signal* to ’background* ratio.
This also indicates that it is very dangerous to limit the double 
summation of the third term. Because the third term is a double summation 
this procedure is slow, even with rapid algorithms for computing the 
Voight profile (Hui et al, 1978). However for molecules such as , with
a small number of widely separated, narrow transitions, the procedure is 
considerably more efficient than a standard numerical integration.
Writing equation (41) for broadband CARS in terms of the complex 
error function gives:
Figure 2.5 Contributions to CARS lineshape
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1 rit rj j /
- imW. ) (w . - to .)
k rk t j  (55)
For the case where the dye laser spectrum has not been removed by ratioing, 
the above is multiplied by a factor of:
A 2 
as
*
- I'.
/lr?d (56)
where
o
A = 0 3  -0)
as as as
r  =  V ( r  2  +  i* 2 )
1 * d U l f d '
W ( u 3 - o >  .\+ 1 T . / 2
w  . ..J..
j ^ Oj
ritV ri,d (57)
For a typical broadband experiment >> T^t (150 cm ^ compared to < 1
cm )^ so that T t J - r , .  Typically this leads to errors of less than 0.01 %, 
I d a .
at least an order of magnitude less than the precision to which T ^ r and 
could be estimated. Thus equation (57) reduces to:
which is identical to equation (54) with the substitute of T T for T
1 1
Similarly equation (55) reduces to:
2) Coherent approach
The use of an analytic solution in terms of Voight functions for a 
coherent treatment is not possible (Teets, 1984) for the case of 
Lorentzian molecular linewidths and Gaussian laser profiles. The 
corresponding expression for Lorentzian Raman Linewidths and laser profiles 
may however be derived. As noted by Teets, modifications may be made to 
this expression to approximate Gaussian laser profiles by replacing the 
Lorentzian denominator factor in the pump and Raman linewidth with the 
appropriate Voight profile.
For scanning CARS:
Sas(to ) = y
as *nr
2 ' '/(irt T.
+
(59)
o o
o « ...... X. Cu> -to -w J)
Sas(co ) = las y + 2x 2 — ----- 3-------— ---:----
as nr rir o « « „ o
3 ( o j - o j  ” 03 . )  +  ( r . + r + r  )
1 s r3 3 1 s
o o
x . x .  (03 . - o s . )  ( 03 , - 03  -03 . )  +  ( r . + r , )  ( r . + r , + r  )
+ ££ 3 1C ri rk 1 s ri_______3 k' ,1 1 s'
3* k  ( w . - w .)2 +  ( r . + r  )2 (w -to -to;)2 +  ( r . + r + r  )2
j  k  3  k  1 s 3 3 I S
+ zz
o o
—M  ^ + (1 . , ... , , ,
I t  1 .i l s'(<or i -o»r k )  ( i o1- o i s -g>r 1 )  +  ( r . + r , . + 2 r , )  ( r . + f , + r j
O O
jk + (rj+rk+2ri)2 +
(60)
where X. = K Af..
J ij
The case of broadband CARS is obtained by replacing T the Stokes
s
bandwidth, by the width of the instrument function, which is also assumed 
to be Lorentzian.
2.5 CARS AT HIGH PRESSURES
2.5.1 Molecular linewidths
As the CARS spectrum is strongly dependent on the assumed Raman 
linewidth, it is important that this is known for the temperature, 
pressure and concentration regime of interest. A general discussion of 
contributions to linewidths may be found in e.g. Comey, 1977.
A^low density molecular collision rates are low and molecular
lifetimes in a given state are long. The dominant cause of line broadening 
is due to the random velocity component of each molecule along the optical 
axis. The transition frequency per molecule is the ’true* frequency, 
modified by the Doppler effect.
As the pressure and thus the gas density increase the collision rate 
increases. Pressure broadening of the Raman linewidth arises from 
collisions which limit the lifetime of a molecule in a given state, 
collisions which change the rotational orientation of the molecule and 
collisions which dephase the molecules vibrational or rotational moticn.
For Q branch (AV = 1, AJ = 0) transitions, rotationally inelastic 
collisions dominate if vibrational dephasing and vibrationally inelastic 
collisions are slow. The pressure broadening then mainly arises from the 
mean lifetime of the levels involved in the transition.
J
The collision rate also effects the Doppler broadening of the 
linewidth. From the uncertainty relation dxdk 1 1, a photon of momentum 
h/X can only give information on displacements of the molecule larger 
than X/2tt. The velocity characteristic of this Doppler shift is the mean 
velocity component in the direction of observation for displacements of 
X/2tt. If there are many collisions during the time it takes a molecule 
to travel X/2'ir, its mean velocity will approach zero, because the 
collisions will eventually take the molecule through all possible velocity 
states, and the mean of all states is zero. Thus with increasing 
collision rate the Doppler contribution to the Linewidth decreases. For 
this effect gives rise to the so-called Dicke narrowing of lines
(Dicke, 1953, Murray and Jowan, 1972) but for most 
molecules inelastic collisions become important before Dicke narrowing 
is effectively observed.
The temperature of the medium also effects the linewidth. Collision 
cross sections are higher when the energy difference between molecules is 
small. At low temperatures the low rotational J states are highly 
populated and undergo more collisional broadening than high J states. 
Increasing the temperature and thus the population of the higher J states 
decreases the linewidth gradient with J (e.g. Hall, 1980). This is 
illustrated for in Fig. 2.6, which shows the Raman linewidth at 300 K
and 1750 K as a function of J.
The Q branch vibrational frequency is dependent on the rotational 
state of the molecule:
to . = a) - a (J+l) ,,
rj o e (61)
where is the interaction parameter.
The collisional broadening increases with increasing density and at
some point becomes comparable to the splitting between adjacent J
components, leading to appreciable overlap between neighbouring lines.
(3)The isolated line assumptions which lead to the derivation of x » 
equation (29), are no longer valid and it is necessary to account for the 
effects of motional narrowing, shown in Fig. 2.7. Adjacent transitions 
collapse towards a frequency centre of gravity determined by the most
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Figure 2.6 Raman linewidth as a function of rotational quantum number;
continuous curves are the PEG model, (X) are the data of 
Rosasco et.al (1983) and (.) are the data of Rahn et al (1980).
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Figure 2.7 CARS spectrum width as a function of pressure, with and without 
motional narrowing.
populous states (R.J. Hall et al, 1980, May et al, 1970, V. Alekseyev 
et al, 1968). The effect is similar (V.A. Alekseev et al, 1981) to the 
reduction in Doppler broadening with increasing collision rate and is 
analogous to the narrow band detection of an emitter which is rapidly 
switching between discrete frequencies with no change of phase. If the 
mean time between collisions, and thus changes of frequency, is of the
order of (20^ 1 ) \  the transition frequency of the molecule changes
rapidly during the radiation process, and the detector records an average, 
characteristic of the most populated rotational states.
This process is represented schematically in Fig. 2.8 for a system 
of molecules which undergo transitions with two frequencies and ,
switching between the frequencies randomly, with a characteristic time t. 
The upper traces show the switching of a molecule at regular time 
intervals t , to illustrate the system. The lower traces show the Fourier 
transforms of the molecular ensemble (note that these are not Fourier 
transforms of the, purely illustrative, upper traces). As the 
characteristic time x is decreased, corresponding to an increasing 
collision rate, the lines coalesce to a mean frequency of the levels, which 
is borne. out in the waveform which becomes progressively closer to a 
single sine wave at the mean frequency.
(3)2.5.2 G Matrix method for calculating x
(3)To return to the expression for x > equation (26):
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( i i )
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Figure 2.8 Model of motional narrowing for two level system
where
G. = i(u) - a) -to .) 6 + (T./2 - iA.) 6 + y (1-6. )
jk 1 s rj jk 3 3 ' 3 k jk jk'
where
y ^  specifies the rotationally inelastic relaxation rate 
between j and k 
Aj the pressure shift for transition j .
Where there is significant line overlap y., no longer approximates to
3 ^
zero. In the absence of vibrationally inelastic collisions and collisions 
changing the phase of the vibrations, and noting that y., only couples
jk
states belonging to the same vibrational band, conservation of momentum 
leads to :
I Yjk = rj/2 (1 - V  (62)
Here <j> indicates the contribution of vibrational dephasing and relaxation 
processes to the isolated linewidth. The y ^  obey detailed balance 
relationships:
(0) _ (0) , 
pj Yjk pk Ykj (63)
where is the normalised rotational Boltzman population.
Allowance must also be made for the selection rule for the
particular molecular species; for which has alternating ortho and para
states, changes in the rotational quantum number will be ±2, ±4, etc. 
Although theoretical models exist for the Raman linewidths (e.g. Robert 
and Bonamy, 1979. and Bonamy et al, 1984), due to the complexity of 
calculating y_.^  on a theoretical basis a semi-empirical model has been
used in all studies to date.
The empirical forms for y ^  that have been investigated (Rosasco,
1983, Hall et al, 1980 and Kataoka et al, 1983) have indicated a
functional dependence on the magnitude of the difference between the .
lower state rotational energies, |e . - E, [. Hall (Hall et al, 1980) has
j k
developed the exponential gap model of Polanyi and Woodall (Polanyi and 
Woodall, 1972) for predicting off-diagonal G matrix elements from a given 
set of linewidths. y.. is of the form:
Other functions, based on statistical power gap laws have been 
extensively used (Stufflebeam et al, 1983, Pritchard, 1979 and Brummer et 
at, 1980) to successfully describe rotationally inelastic (RI) relaxation 
rates in many systems.
K < J
-C. |AE.. | /kT 
3 3 k
(64)
K > J
(65)
A general model, based on a polynomial energy gap law has been 
developed by Greenhalgh et al (1984):
(66)
where
P is the pressure in atmospheres
p . the fractional rotational population
C, ,A are parameters
J-j
n the order of the power series
Equation (66) leads to an expression for the isolated line halfwidths:
For a given temperature exponent A and polynomial of degree 5 the 
coefficients were determined by least squares fitting the accurate 298 K
experimental linewidth data of Rosasco et al (1983). A consideration of 
the collision rate and number density at fixed pressure suggests A = 0.5. 
However this does not account for factors such as the change with 
temperature in the shape of the molecular velocity distribution curve, and 
the energy transfer efficiency of each collision. In practice A was 
varied iteratively to give a simultaneous best fit to the high temperature 
(1730 K) experimental data of Rahn et al (1980).
r(T,P) = -(P/Ta) I p. I C |AE. [“L 
j*k J ^ L (67)
The quality of agreement, as shown in Fig. 2 .6 , for a value of 
A = 0.323, is excellent. This model for linewidth is physically well 
behaved and may thus be used in the temperature range 298 to 1730 K. In 
addition the model may be used to generate off-diagonal G matrix elements.
Hall (1983) and Rosasco (1983) have used an approach based on the 
statistical power gap law to compute G matrix elements. It is of interest 
to compare a pressure and temperature independent parameter R, for the 
polynomial energy gap and statistical power gap models. Defining R:
log-log plot is approximately -0.46, close to straight line of the slope 
-0.5 for Hall's statistical power gap model (Stufflebeam et al, 1983). For 
predicting accurate linewidths the subtle variations in R predicted by the 
polynomial energy gap model are important, particularly for low J.
CARS spectrum may be evaluated by a numerical integration calculation, as 
described above for the low pressure case. This requires the evaluation
(68)
For the minimum AE of interest is 12 cm corresponding to J = 0 
and 2. Figure 2.9 shows a plot of R(Ae) up to 600 cm The slope of the
Given a model for the off-diagonal elements y., of the G matrix, the
(3)of x > and thus the inversion of the full G matrix, at each point on the
closely spaced co.-rn grid, and is thus exceedingly time consuming. 
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Figure 2.9 Plot of R, the pressure temperature independent R.I. rate 
parameter versus energy gap.
Recently, however, Koszykowski and Palmer (1984) have implemented a 
rediscovery of the method of Gordon and McGinnis, (1971) of calculating 
a collisionally narrowed CARS spectrum, using the full G matrix 
formulation. The revised method requires a single G matrix inversion 
for each spectrum, plus several matrix multiplications at each 
frequency. The computing time required for this compares very favourably 
with that required for the inversion of the G matrix at every frequency 
position, and is comparable to that for an isolated lines spectrum.
(3)
2.5.3 Gordon J Diffusion Model for Calculating x
An alternative approach for the calculation of ^  CARS spectra,
based on GordonTs extended J-diffusion model of rotational motion, 
(Gordon, 1966) has been developed by Hall and Greenhalgh (1982). The 
analysis draws on Brueck’s (1977) application of Gordon’s model to the 
lineshapes of two photon resonances in liquids, but is based on a gas- 
like view of the liquid state. It is an impact theory in which the 
molecules freely rotate between strong collisions of short duration which 
randomise the magnitude and orientation of the rotational angular 
momentum of the molecule. After the collision the angular momentum is 
assumed to be redistributed according to the Boltzman distribution.
(3)
Brueck has derived x using a density matrix formulation accounting 
for the rotation vibration interaction. Equation (25) then becomes:
It” = h H^° + h(t)’p] ~ "t” " ~r~ (P”f (a)r)<P>)
where
and
1/T2 is the vibrational contribution to the linewidth
1/t_. is the rotational contribution to the linewidth
1/t is the total linewidth
h(t) is as previously
fCco^ ) is the thermal distribution of angular velocity
<x> = f x(m ) dw 
r r
again we have:
P (3)(o)> s N Tr (pa) E^w)
(3)Brueck thus derives x to be :
2 t--------------- EL
(3) _ _____ * I s ri________ .
^ h / 1  + i . f (a> .)/x;
1 2  1
(a),-a) +a). .) - i/x 
I s r j
The Boltzmann population in the numerator should strictly be the 
population difference between the upper and lower states in the
(69)
transition. Motional narrowing only takes place within a given
(3)vibrational band, so the bands are summed separately to obtain x •
X (3) = I X (3)v,v+1
(70)
for
f (u 4)
2
/ O \ J-lOt . , \UJ, -  V UJ — .
y (3)v V +l =  ---^■V-+-1 _____5-J 3
X * h / 1 + i f(to .)/xj
^   U
/  \
z /  v- . rj \
Na o) (to -w ) - i/x / 
' 1  s ri /
(V “s+“rJ) ' 117 (71)
where
fv (a)^) is the normalised fractional population for the given 
vibrational level.
The vibrational contribution to the Raman linewidth should be 
included, even, as in the case of where it is small.
^  has alternate ortho and para states, which do not significantly
interact; therefore it is important to determine if calculations using
the Gordon model need to treat ortho and para states separately. Spectra
using two models have been compared: firstly, as in equations (70) and 
(3)(71) , X was calculated for each vibrational band. In the second case
(3)a separate summation of x was made for the ortho and para states in 
each vibrational band. No difference between the two methods of 
calculation was observed.
(3)
Having calculated X » the CARS spectrum may then be obtained as 
described previously.
A comparison of measured signature bandwidths with those
calculated, using the rotational diffusion theory, has been obtained,
(Hall and Greenhalgh, 1982), up to 100 atmospheres pressure with good 
agreement.
Prior to the development of a fast method of computing motional 
narrowing effects using a G matrix formulation, the J diffusion model had 
the advantage of involving negligible extra computation, compared to an 
isolated lines model. It retains the advantage that it is relatively 
simple to calculate as it does not require the specification of individual 
inter state relaxation rates, which have not been readily available in the 
past, in particular for complex molecules such as H^O and C0^. However,
as is discussed in Chapter 4, 'Temperature Measurement', important 
discrepancies between the degree of motional narrowing predicted by the 
Gordon model, and that obtained by G matrix methods have been observed, 
with important consequences for temperature measurement accuracy. Because 
fast G matrix calculations have become feasible, and as further advances 
are made in understanding molecular energy transfer rates and linewidths, 
full G matrix calculations seem poised to extend to systems of increasing 
complexity.
CHAPTER 3
EXPERIMENTAL ASPECTS OF CARS
3.1 INTRODUCTION
The aim of this chapter is to discuss the main considerations 
involved in the design of a CARS system for temperature measurement, and 
to describe the apparatus used for the studies detailed in this thesis.
The constraints imposed by the system under study are frequently the 
determining factors in the choice of CARS system. The application of CARS 
to temperature and species concentration measurements in such highly 
turbulent, noisy, practical devices as internal combustion engines and 
furnaces has lead to the development of systems capable of very good 
temporal and spatial resolution and with relatively good immunity from 
optical interference.
The accuracy of the temperature or concentration derived from a CARS 
spectrum is dependent on the accuracy of the theoretical model used to 
analyse the data - it is desirable that the contribution of the instrument 
to the spectrum be both well defined and stable over a reasonable period 
of time. It is found that the present instrument is stable over a 
considerable time period. A major limitation to measurement precision, 
particularly of fluctuations is the degree of noise the CARS signal is 
subject to. A discussion of the sources of noise, means of noise 
reduction and the limits that may be attained in practice Is given in 
Chapter 4.
3.2 LASERS
In order to generate sufficiently intense CARS signals for gas phase 
diagnostics in environments where substantial interference is present, 
high powered laser sources are required. The pump beam at frequency
is thus produced by a Q-switched solid state laser. Early systems used
ruby lasers (Regnier.and Taran, 1973), however, the output from frequency
/
doubled Neod^ilum doped yttrium aluminium garnet (Nd:YAG) lasers can pump 
efficient dyes in the 500 to 600 nm region, whereas ruby lasers require 
lower efficiency, near infra-red dyes. This, together with the superior 
repetition rate; at least 10 Hz, of Nd:YAG lasers has resulted in their 
almost exclusive use for practical CARS measurement.
3.2.1 Scanning CARS
Traditionally, in scanning CARS, the Stokes beam is provided by a
narrowband tunable dye laser, pumped by a fraction, approximately 30%, of
the output split from the solid state laser. The dye laser is scanned so
that a)- - w varies across the frequencies of interest taking typically 
1 s
20 minutes. The total signal intensity is measured as a function of the
detuning w. - w and thus dispersal of the frequency components by a 
1 s
spectrograph is not required. This configuration is of particular use in 
stable enviomments where very high resolution is required, as the only 
limitation on resolution is imposed by the pump laser linewidth.
Because the laser outputs are subject to amplitude and frequency 
variations from shot to shot it is necessary to obtain a reference spectrum 
of the laser amplitude for each shot, to normalise the CARS signal at 
each frequency. The CARS signal from a non-resonant gas, which may be at 
high pressure, is obtained. The reference geometry may be chosen to 
ensure that the reference is subject to the same degree of experimental 
degradation, for example by fouling of optical access windows, as the 
signal.
If the temperature of the system being studied fluctuates on a time 
scale short compared to the time required to measure a scanning CARS 
spectrum very substantial errors are introduced, and the spectrum 
obtained will not correspond to a meaningful temperature. If the 
fluctuations are periodic, for example in an internal combustion engine, 
(Stenhouse and Williams, 1979) it is possible to synchronise the dye laser 
scanning rate with the cycle. An average spectrum may then be accumulated 
over several scans and many engine cycles for each part of the cycle 
studied. Due to the non-linear nature of CARS, if spectra of differing 
temperatures are summed, the resultant spectrum will be distorted and its 
analysis will not give a true average.
3.2.2 Broadband Single-Shot CARS
The use of broadband dye lasers to produce the Stokes beam (Roh 
et al, 1976), as is illustrated in Fig. 2.3(b), enabled an entire spectrum 
to be generated by a single laser pulse of approximately 15 ns duration.
The measurement timescale is thus short compared with that of the 
fluctuations, making accurate temperature measurement possible in 
turbulent enviomments. Further, by measuring many, typically 400 or 
more broadband single-shot CARS spectra at one position it is possible to 
quantify the degree of fluctuation and determine the temperature 
probability density function (PDF).
It should be noted that as the dye laser output extends over
typically 150 cm * for broadband operation, compared with less than 1 cm * 
for scanning CARS, single-shot CARS signals are considerably weaker.
Laser power requirements are thus increased. Limits on the laser power 
used are however imposed by the system under study: if the optical 
windows to the device being probed are close to the measurement point 
they may be damaged by the very high power density of the tightly focused 
laser beams. One problem occurring particularly in particle rich flows 
is that of optical breakdown (e.g. Smith and Meyerand, 1974) where the 
medium becomes ionised by the intense electric fields.
3.2.3 Laser Specifications
In order to study the application of CARS to temperature measurement 
in turbulent environments a broadband, single-shot CARS system was used.
J K Lasers "Series 2000" Nd:YAG lasers supplied the CARS pump beams.
Briefly the laser may be considered in two sections: (Fig. 3.1 ) the 
oscillator and the amplifier. Use of separate oscillator and amplifier 
stages permits higher power to be obtained than that possible with a
CJ
DC
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Figure 3.1 YAG laser arrangement
single stage system. The oscillator comprises a single crystal Nd:YAG 
rod which is coaxially pumped by a 50 J xenon flash lamp in the cavity 
between an output etalon E and the back mirror Ml. Q-switching is 
obtained by the pockel cell polariser combination. An intracavity 
telescope reduces the beam diameter within the cavity and thus the Fresnel 
number of the cavity, producing low divergency output. From the 
oscillator the beam is expanded by a second telescope to fill a Nd:YAG 
rod pumped by two xenon flash lamps. The output beam at 1064 nm is then 
passed through a frequency doubling crystal to yield a beam of visible 
light at 532 nm. The dye laser employed was operated in broadband mode 
for all experiments described. It is a novel, longitudinally pumped dye 
laser oscillator and amplifier combined as illustrated in Fig.
(Eckbreth et al, 1984), together with a high capacity dye reservoir to 
minimise degradation of the dye.
The laser specifications are:
Repetition rate 10 Hz
Pulse duration 13-16 ns
Pulse Energy at 532 m 280 mJ
Laser linewidth 0.23 cm"1
Oscillator rod 0.250 in by 3 in
Amplifier rod 0.375 in by 3 in
Minimum Dye laser output 20 mJ
3.3 PHASE MATCHING GEOMETRIES
Correct phasing of the three incident beams is essential for efficient
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Figure 3.2 Dye laser arrangement
SP
AT
IA
LL
Y 
M
U
LT
IP
LE
X
E
D
 
DY
E 
LA
S
E
R
build up of the coherent CARS signal, as shown in Fig. 3.3.
k l + k lf ~ k2 ” k3 = 0
Where k. = co.n./c 
i i i
with to the frequency
n^ , the refractive index at frequency 
c the speed of light
Collinear Geometry
In gases the change of refractive index with frequency is very slight 
and traditionally a collinear beam geometry was used (Begley.et al, 1974) 
as shown in Fig. 3.4(e). This arrangement however has the disadvantage of 
poor spatial resolution. In particular, because the CARS signal scales as 
the square of the gas density, strong concentration gradients can result 
in considerable bias and in some cases the signal from cold gas outside the 
device of interest will dominate weaker signals from a hot region. In 
some circumstances this may be reduced by tight focusing of the laser beams. 
In the presence of temperature gradients this arrangement will also result 
in a distorted average over the measurement volume due to the nature of the 
CARS process.
Crossed-beam geometries:BOXCARS
The problem of spatial resolution was resolved by Eckbreth (1978) 
using a crossed-beam phase-matched geometry, known as BOXCARS from its
Figure 3.3 CARS phase matching geometry
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Figure 3.4(a) Colinear CARS
as
£s aas
(b) BOXCARS
CJj | 
CJ! I
LENS LENS
CARS
(c) Folded BOXCARS
characteristic shape. As is shown in Fig. 3.4(b) two pump components are
crossed and the Stokes beam introduced to produce a phase-matched system 
with excellent spatial resolution. The CARS beam emerges next to one 
pump component and may be separated by a filter or prism.
Several variants on BOXCARS has been devised. One form (Prior,
1980, Shirley et al, 1980) does not restrict the phase matching to a plane. 
This "folded BOXCARS" geometry has the advantage that the signal emerges 
spatially separated from the input beams. An arrangement is illustrated 
in Fig. 3.4(c). An arrangement known as TUSED CARS* (Unstable-Resonator 
Spatially Enhanced Detection) utilises multiple regions of a single pump 
beam to mix with a single Stokes beam (Marko and Rimai, 1979, Klick et al, 
1981). Here the Stokes beam is coaxial with and inside an annular pump 
beam, which is produced by using an unstable resonator Nd:YAG laser. The 
CARS signal is generated coaxially around the pump and Stokes beams. This 
arrangement gives axial spatial resolution generally intermediate between 
collinear CARS and BOXCARS.
* Single-Ended* Geometries
The above geometries all require line of sight optical access, due 
to the phase matching constraints. * Single-ended* CARS, in which the pump 
beams are introduced at a very large angle, and the signal is emitted into 
the same hemisphere as the input beams has been suggested (Dale). This 
may be of use in circumstances when a single large optical access is 
available, but it has been calculated (Greenhalgh, 1983) that this incurs
a reduction, in signal intensity of two to three orders of magnitude. 
Recently, systems have been developed in which the CARS signal is .. 
detected on the same side of the experiment as the generation optics.
Use has been made of retroreflectors in counterpropagating CARS (Compaan
and Chandra, 1979) which generates the CARS signal at a small angle in 
the backward direction. This approach has been extended by Antcliff and 
Jarrett (1983) who use a single mirror to focus and cross the beams, 
achieving large crossing angles. However in both cases, line of sight 
access is still required for the retroreflector.
The consequences of choosing a particular geometry for signal 
intensity have been calculated (Greenhalgh, 1983) and it has been found 
that folded and planar BOXCARS give optimum efficiency with the Stokes 
laser beam width just less than 2/3 of the pump. The overall intensity 
for BOXCARS and collinear CARS is similar when the size of the interaction 
length is taken into account.
3.3.1 Beam Crossing Geometry-Specification
For optimum spatial resolution and ease of signal collection a 
folded BOXCARS beam crossing arrangement was used, as is illustrated in 
Fig. 3.5, 3.6. Output from the pump laser is split into two parallel beams 
by a coated 45 degree beam splitter (Greenhalgh and England, 1982). The 
Stokes beam passes via a 45 degree mirror to be translated above the plane 
of the pump beams by a thick optical flat, rotation of which permits
Figure 3.5 Photograph of CARS optics
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Figure 3.6 Schematic of CARS optics
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adjustment of the vertical elevation and thus phase-matching angle. 
Telescopes are inserted in the pump and Stokes legs so that the beams 
focus at their crossing point. Because of the short duration of the laser 
pulse the path length for both legs is approximately the same to ensure 
that the lasers beams arrive at the measurement point at the same time.
The Stokes beam and pump beams are collimated at a fV optic', shown in 
Fig. 3.7 , the Stokes passing through the uncoated upper section, whilst 
the pump beams are reflected by the coated portions. The collimated 
beams are then brought to cross at the sample volume by the lens, 
generally of 350 mm focal length. The focused beam diameters were 
measured (Greenhalgh et al, 1983a) to be just less than 0.2 mm at the 
control volume. The interaction length for a similar system has been 
measured (England, 1984) by traversing a thin sample of gas sandwiched 
between two microscope slides along it. This resulted in a Gaussian FWHM 
of 11 mm for a 500 mm focal length lens, equivalent to approximately 6 mm 
for 350 mm focal length.
3.4 DISPERSION AND DETECTION EQUIPMENT
3.4.1 Scanning CARS
For scanning CARS the CARS signal is measured as a function of 
- a)^ . The CARS signal is thus passed through a monochromator, which
acts as a band pass filter, to be detected by a photomultiplier tube. A 
similar arrangement is required for the reference signal.
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Figure 3.7 Perspective view of beam crossing optics
3.4.2 Broadband CARS
Due to the folded BOXCARS geometry, the signal emerges spatially 
separated from the unwanted source beams, which are removed by a beam 
dump. As broadband CARS was used it is necessary to disperse the signal 
into its frequency components. Dispersion is achieved by a Cze^ny-Turner 
spectrograph as shown in Figure 3.8, with 0.9 m focal length and a 2400
1 mm * holographic grating. The CARS signal components are diffracted 
by the grating G, and the second mirror focuses the spectra onto an 
intensified diode array camera.
For the majority of the experiments described a B & M AK500 512 
channel intensified, diode array camera was used. The output from the 
intensified diode array camera is given in equivalent numbers of photons, 
with an efficiency of 1 photon output for approximately 10 incident on 
the camera. The overall dispersion of the spectrograph and camera is 
0.00811 nm/channel for 473 nm wavelength. This was measured by 
calibration against the emission lines of Mn and Zr hollow cathode lamps-;- 
no detectable nonlinearity was noted.
A modified B & M STH500 controller and direct memory interface unit 
generates the signals which control the diode array camera and controls 
transfer of data between the camera and a minicomputer. Before spectra 
are transferred to the computer the background light level is measured, 
with the Stokes beam blocked off to inhibit CARS signal generation, and 
this is subtracted from the averaged or single shot experimental spectra. 
A measure of the peak counts obtained in each channel is also examined to
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Figure 3.8 Light detection equipment
\
guard against signal saturation, which occurs at above 16000 photon counts 
for this detector. A PDP 11/34 minicomputer was used, and data was 
stored on 10 MByte demountable disks, either for processing, or for 
transfer to the IBM 308IK mainframe, for analysis on a CRAY IS vector 
computer.
3.4.3 Instrument Function
A direct measurement of the instrument function using sources such 
as spectral lamps does not yield a true estiinate of the CARS instrument 
function. This may arise because, even with narrow slit apertures the 
CARS signal can be focused to pass between the slits. In addition it is 
necessary to include the contributions from the laser linewidths. Therefore 
the instrument function, as discussed in the previous chapter, was 
determined by least squares fitting theoretical spectra to experimental 
data over a range of known temperatures. As is discussed in Chapter 4, 
a combination of 0.77 cm  ^Lorenzian and 0.77 cm * Gaussian components 
gave very good agreement that did not systematically vary with temperature. 
It has been found that the instrument function of the system used does not 
change significantly over substantial periods of time, and experimental 
tests, separated by 6 months, have implied the same instrument function 
components.
CHAPTER 4
N£ CARS TEMPERATURE MEASUREMENT
4.1 INTRODUCTION
As the major species present in air fed combustion N2 is particularly
suited for use as a temperature probe. Further, for nitrogen the physical 
parameters such as Raman line positions and linewidth, which determine the 
CARS spectrum are relatively well known (Gilson et al, 1980, Hall et al, 
1980, Druet and Taran, 1981) and the physical model is well established. 
Recent years have seen a rapid growth in the application of CARS to 
temperature measurement in practical situations (Switzer et al, 1979,
Pealat et al, 1980, Klick et al, 1981, Eckbreth et al, 1984). In 
particular broadband single shot CARS has enabled temperature measurements 
to be made in highly fluctuating, turbulent environments.
A knowledge of the CARS measurement accuracy and in particular the 
accuracy of temperature probability density function (pdf) width 
measurements using broadband single shot CARS is of vital importance for 
turbulent flow diagnostics. Many comparisons between CARS temperature 
measurements and both thermocouple and with spontaneous Raman measurements 
have been made in various environments. (Ferrario et al, 1983, Kreuter 
et al, 1983, Zheng et al, 1984). Selected examples are given for brevity:
Eckbreth and Hall (1979b) obtained agreement within 50 K between 
scanning CARS measurements in a flat, premixed laminar flame with those
obtained by thermocouples, radiation corrected by calibration against 
sodium line reversal measurements.
Farrow et al (1982) obtained/hery good agreement between CARS and 
radiation and conduction corrected thermocouple measurements in low 
temperature gradient regions of a methane-air diffusion flame. In 
regions of steep temperature gradients improved spatial resolution was 
required to avoid substantial errors. At low temperatures rotational 
CARS gives good temperature sensitivity. Murphy and Chang (1981) have 
demonstrated that temperature accuracies of +/-5 K may be attained in the 
temperature range 120 to 300 K.
Very recently, Pealat et al (1985) have carried out a study of CARS 
temperature measurement accuracy in a temperature controlled furnace.
The CARS system used a single mode YAG laser for beams, and a broadband
dye laser. Both mean accuracy and single shot temperature precision were 
investigated. Mean accuracies of 1 - 3% were achieved, with greatest 
errors at both low and high temperature extremes. Single shot standard 
deviations of approximately 5% were obtained.
This Chapter aims to investigate the accuracy attainable using CARS. 
Both mean accuracy and single shot temperature precision are studied in a 
temperature controlled isothermal furnace. Data analysis is discussed, 
and practical methods for analysing data rapidly are developed and tested. 
The practical limitations imposed on CARS single shot measurement accuracy 
in turbulent systems by noise are discussed, and the fundamental limit 
imposed by Poisson noise demonstrated and quantified for the present system. 
The Chapter is in three main sections:
The first section examines the mean temperature measurement accuracy 
obtained using averaged broadband CARS. The theoretical model used 
for is briefly discussed, and the physical parameters reviewed.
A comparison is made between CARS and thermocouple temperature 
measurements in an isothermal furnace. Higher temperature 
measurements in the post flame region of a propane-air diffusion 
flame are also discussed.
Data analysis is by least squares fitting of a theoretical model to 
the experimental data. It was necessary to include cross-coherence 
effects as formulated by Teets (1984) and Kataoka et al (1982) to 
obtain good agreement between theory and experimental spectra, and 
thus to achieve reasonable temperature sensitivity at high 
temperature. It was found that cross-coherence effects could be 
successfully modelled by the augmentation of the Raman linewidths 
under some conditions, thus reducing computation time considerably.
Use of this model resulted in improved temperature mean errors of 
1 - 2%.
Broadband single-shot CARS makes possible measurement of the degree 
of temperature fluctuation in turbulent devices: by measuring 
typically 400 or more single-shot spectra, the temperature probability 
density function may be determined for a particular location.
Generally it is desirable to carry out the measurements over a 
substantial spatial grid, and so the temperatures of many thousand 
spectra must be obtained. A full least squares analysis for temperature 
using current codes on a computer with parallel processing takes
approximately 30 s at 1000 K and so even a modest 10 by 10 grid with
400 spectra at each point would be prohibitively expensive.
Considerable interest has thus arisen in more rapid means of
temperature analysis. Several authors have investigated the use of
so called 'quick-fitters1 (e.g. Eckbreth et al, 1984, Appel et al,
1979, Ferrario et al, 1983) where temperature sensitive spectral
features, such as the ratio of the fundamental band area to the first
hot band area, are used to estimate the temperature. A comparison
of the accuracy of fast data analysis techniques with full least
squares fitting procedures is presented in the second part of this
chapter and problems inherent in their use discussed.
It has been found (Hall and Boedeker, 1984, Porter and Greenhalgh,
1983) that using an inaccurate species concentration has a substantial
effect on temperature measurement accuracy, in environments with
strong, fluctuating non-resonant background contributions. In such
cases use of concentration sensitive features is liable to introduce
substantial errors. A new approach, developed concurrently with a
similar approach of Hall, (Hall and Boedeker, 1984) based on the
interpolation from spectral libraries is presented and tested. By
storing separately libraries of x ? the real resonant component of the
2 2
susceptibility, and ( x f + x" ) the squared resonant component it 
is possible to calculate the CARS spectrum for any concentration, 
highly efficiently. Rapid analysis by least squares fitting for 
temperature and concentration is thus made feasible. The calculated
spectra are an excellent approximation to those obtained using the 
full code, and it is possible to analyse 400 spectra for temperature
and concentration in approximately 60 s on a CRAY IS computer.
3. The final section of Chapter 4 is concerned with single-shot
temperature measurement precision. A major limitation to measurement 
precision, in broadband single^shot CARS, is imposed by the degree of 
noise the CARS signal is subject to. A discussion of the sources of 
noise is given, together with means of noise reduction. It is shown 
that a dominant source of noise in CARS measurements, particularly 
of highly turbulent systems, results from Poisson statistics. This is 
quantified for the system used for the temperature range 292 to 1050 K.
4.2 CARS TEMPERATURE MEASUREMENT
4.2.1 Sensitivity of CARS Spectra to Temperature
The temperature measurement accuracy attainable is dependent in 
particular on the sensitivity of the spectrum to changes in temperature.
The temperature dependence of spectra is illustrated by the peak
normalised spectra of Fig. 4.1. At low temperature only the ground 
vibrational state and first few rotational states are significantly 
populated. As the temperature increases the increased rotational 
population broadens this narrow fundamental band, and at roughly 1000 K 
the first vibrational hot band becomes significantly populated. As the 
temperature increases the intensity of the hot bands becomes more pronounced
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Figure 4.1 The temperature dependence of CARS spectra
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and more rotational structure visible. Although there is considerably 
more information in the higher temperature spectra, the rate of change 
of spectral shape with temperature is actually highest at low temperatures 
as is illustrated in Fig. 4.2. This shows the square root of the sums of 
squares of deviations between a spectrum of the temperature indicated for 
each line as the temperature is progressively changed. A minimum of 
sensitivity is reached in the 900 K region and then at higher temperatures 
the appearance of hot bands increases the sensitivity, although the spectra 
show less variation with temperature than at low temperatures.
4.2.2 Spectrum calculation
As both the physical and experimental parameters must be accurately 
specified for good temperature accuracy, a computer program has been 
constructed (Porter and Greenhalgh, 1983) to carry out a least squares fit 
to experimental data to determine instrument functions, spectral position, 
concentration and temperature. The program is based on the physical model 
described in Chapter 2, and gives the option of including motional narrowing 
as calculated by the full G matrix model. However, the effects of motional 
narrowing were not found to be significant for low pressure, high temperature 
spectra.
The physical parameters for CARS spectrum calculation are relatively
well known. The rotational and vibrational constants determining the 
energy levels are well known (Gilson et al, 1980, Lofthus and Krupenie,
1977) and those of Gilson et al were used. The Raman scattering cross
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Figure 4.2 CARS fitting error as a function of temperature errors
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section for the Q branch has been extensively measured (Schrotter and
Klockner, 1979) and a value in agreement with that of Penney et al was 
used (Penney et al, 1972). The non-resonant susceptibility for air of 
Eckbreth and Hall (1980) was used with values 2.5 times those determined 
by Rado (1967).
The sensitivity of the CARS spectral shape to assumed linewidths
necessitates high quality linewidth data. Measurements have been made by
/L
continuous wave stimulated Raman spectroscopy by Rosasco et at- (1983) at 
room temperature, by inverse Raman spectroscopy at room temperature and 
1750 K by Rahn et al (1980) and using Raman scattering by Jammu et al 
(1966). A full discussion of linewidth calculation is given in Chapter 2. 
The model initially employed for the analysis of data was a simple double 
exponential expression fitted by Hall (1980) to the semiclassical 
linewidth model of Bonamy and Robert (Robert and Bonamy 1979, Bonamy et al, 
1977). The sensitivity of the spectrum to the assumed linewidth then lead 
to the development of the Polynomial Energy Gap (PEG) model (Greenhalgh, 
Porter and Barton, 1984). As can be seen in Fig. 4.3 the PEG model is in 
excellent agreement with the measured linewidths. As discussed previously, 
since this work was undertaken it has been found that use of an exponential 
energy gap model gives a better approximation to the energy transfer rates, 
and thus motional narrowing, than the PEG model. However, for atmospheric 
pressure and moderate (> 600 K) temperatures motional narrowing effects are 
negligible, so the use of the PEG model and the assumption of isolated 
lines should give good results.
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Figure 4. 3 Polynomial energy gap Hainan linewidth model
4.2.3 Experiment
The CARS system used is as described in Chapter 3, with dispersion 
measured at 0.00811 nm/channel. The CARS signals had background light 
levels subtracted, and were ratioed against dye laser spectra before being 
transferred to an IBM 3081 K computer for analysis on a CRAY Is computer.
In order to cover as wide a temperature range as possible, measure­
ments were made from 292 to 1050 K in a temperature stabilised furnace, 
and in the post flame region of a propane-air diffusion flame. Mean and 
single shot measurements were made initially over a period of two days in 
June 1983 and then the mean measurements were repeated and the number of 
temperature points studied extended in February 1984.
The furnace used was a Waytron observation furnace which was 
controlled by an automatic proportional controller via a centrally 
positioned NiCr/NiAl thermocouple to within +/-1 K. The furnace, 
illustrated in Fig. 4.4, is 24 cm long internally, with a central portion 
sealed by quartz windows, one of which has two small holes for thermocouple 
insertion. The axial temperature profile of the furnace was measured to 
be constant within +/- 1. K over the central 6 cm, at 830 K, and to within 
+/-3 K at 1004 K. The furnace gave exceptionally good visual access to 
the measurement position, which was thus positioned very close to the 
measurement thermocouples. Prior to use the furnace was stabilised at the 
chosen temperature.
A simple 25 mm diameter propane-air diffusion Meker burner was used 
with a maximum flame temperature of 2250 K (Kanury, 1975). Although
o
(J
c
10 £
Figure 4. 4 Waytron observation furnace
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severe temperature gradients were present, the folded BOXCARS beam 
crossing geometry was used, and contributions from cold were not
observed.
4.2.4 Measurements
The characteristic shape of the dye laser was recorded by 
measuring the non-resonant spectrum of CC^. The CARS measurement point 
was located inside a *Tf junction through which CO, was output. A typical 
series of measurements was:
1. Measure 500 shot averaged CQ, dye laser spectrum.
2. Measure 500 single shot ^  spectra from furnace.
3. Measure 500 shot averaged spectrum from furnace.
4. Measure 500 shot averaged CO, dye laser spectrum.
5. Measure 500 shot averaged room air spectrum. (Optional)
The measurement of dye spectra immediately before and after each set 
of spectra minimised the effects of the variations in the shape and
peak positions of the dye laser output as the dye is degraded. Negligible 
changes in shape were noted over the short time above, but over longer 
times considerable shifts occurred. The averaged room temperature spectra 
were measured several times a day to provide a check on the stability of 
the instrument function, which was found to be excellent - essentially the 
same instrument function was implied by the two sets of spectra measured 
several months apart. The measurements made are summarised below.
Date 
29 Jun. 83
if
tt
ir
Temperature
approx.
294
600
1050
2350
Number of 
average
3
3
3
3
Number of 
single shot
100
100
100
2 Feb 84 292
453
594
801
1033
3 Feb 84 293
453
595
801
1031
4.3 MEAN TEMPERATURE ACCURACY
4.3.1 Original linewidth model
Prior to carrying out temperature measurements it is necessary to 
determine the combined laser and instrument function. Multivariate fits 
of Lorentzian and Gaussian instrument function components, and spectrum 
shift were carried out at 294, 600 and 1050 K. Although reasonable fits 
were obtained at room temperature the rotational structure on the 1050 K 
spectra was poorly represented, as is shown in Fig. 4.5. Moreover, the
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Figure 4. 5 CARS spectra fitted using R.J. Hall linear linewidth model
instrument function components varied strongly with temperature as is 
shown below. Clearly, such variation is unphysical, and suggests some 
systematic error in the theoretical model or data. The temperature 
accuracy obtained using the instrument function for low temperatures is 
shown in Fig. 4.6, where substantial errors are evident.
Temperature K Lorentzian Gaussian
component cm  ^ component cm ^
294 0.71 a 0.02 0.57 o 0.12
600 0.43 a 0.12 1.01 a 0.15
1050 0.65 a 0.16 1.11 a 0.06
Various possible sources of the discrepancies were investigated:
the dispersion was checked, as the concentration is high the spectral
shape is insensitive to uncertainties in the ratio of resonant to non­
resonant signals. Asymmetries in the instrument function were 
investigated, but produced no improvement. The sensitivity of the model 
to changes in linewidth was investigated, as only one set of linewidth data 
is available above ambient temperature. Multivariate fitting of Lorentzian 
and Gaussian instrument function components, Lorentzian molecular linewidth 
and spectral position were carried out. Optimum agreement was obtained with 
an increase of the linewidths. As can be seen in Fig. 4.7 overall the 
agreement is substantially improved, particularly for the 1050 K case. 
Furthermore the instrument functions obtained were notably less dependent 
on temperature. The temperature accuracies obtained by using the average
E
rr
or
 
in 
fi
tt
ed
 
te
m
p
er
at
u
re
20
10
x s e p a r a t e  r uns  
+ s e p a r a t e  dye
-  10
-20
-  30
- 4 0
- 5 0 J
200 300 400 500
T e m p e r a t u r e  K
600 700
(as me a s u r e d
800 900 1000
by t h e r m o c o u p l e )
0 W
ERROR IN T E M P E R AT U R E 
t e m p e r a t u r e  i ns t r ument  f unct i on
1 100
Figure 4. 6 Temperature accuracy obtained with linear linewidth model
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Figure 4. 7 CARS spectra fitted using model with optimised Raman
linewidths
instrument function were improved to show no overall systematic error, 
only a gradual increasing spread with temperature, as shown in Fig. 4.8.
Temperature K Lorentzian Gaussian
component cm
-1 -1
component cm
294 0.67 cj 0.06 0.71 a 0.19 
0.83 a 0.12 
0.83 a 0.05
600 0.66 o  0.07
1050 0.61 o. 0.04
At high temperatures a similar situation was observed. Difficulties 
were encountered in fitting the original model to the spectra measured in 
the post-flame region of a propane-air flame. Fig. 4.9 illustrates a 
typical example, with a fitted temperature of 2060 K and sum of squares of 
deviations between experiment and theory of 3.9. Optimisation of the 
linewidth resulted in substantially better agreement, as is shown for the 
same spectrum in Fig. 4.10, corresponding to a temperature of 2125 K and 
sum of squares of 0.9.
4.3.2 Polynomial Energy Gap Model
The above study emphasised the importance of an accurate linewidth 
model. This lead to the development of the Polynomial Energy Gap (PEG) 
model, as described in Chapter 2. However, although the PEG model was in 
good agreement with available linewidth data, when least squares fits of the 
instrument functions and spectrum position were carried out using the PEG 
model, the results were not significantly better than those obtained using 
Halls original linewidth model.
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Figure 4. 8 Temperature accuracy obtained using optimised linewidth model
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Figure 4. 10 CARS flame temperature spectrum fitted using optimised
linewidth model.
4.3.3 Linewidth Augmentation
It was noted that the linewidths optimised by varying Halls linear 
model were offset by a roughly constant factor from the PEG model 
linewidths. This is shown in Fig. 4.11 for a spectrum at 1050 K. It 
was decided to investigate the use of a linewidth augmentation factor, 
independent of rotational quantum number or temperature, and this factor, 
together with the instrument function and spectrum position was optimised 
by least squares fitting. Very good agreement with experimental data was 
obtained, and there was little spread in the instrument functions and 
augmentation. This was repeated with the February 1984 data, and the 
results of the 3 February were in very good agreement, with similar 
parameters. However, the quality of agreement between experiment and 
theory for 2 February data was poorer, as may be seen in the comparison of 
3 typical 1030 - 1050 K spectra measured on the 3 days in Fig. 4.12. This 
may be due to problems which were experienced with the dye laser dye 
circulation pump on 2 February.
Figures 4.13, 4.14 and 4.15 show the Lorentzian and Gaussian 
instrument functions obtained, and the augmentation factors for all 3 days. 
In view of the reduced quality of fit and slight discrepancies in augment 
tation factor for the data of 2 February, it was decided that the 
instrument function of 3 February best described the present system.
Thus the coverage parameters are Lorentzian 0.77 0.03 cm \  Gaussian
0.77 0.05 cm  ^ and 0.025 +_ 0.005 cm  ^ augmentation.
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Figure 4. 11 Comparison of Raman linewidth models at 1056 K
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Figure 4.12 Comparison of CARS spectra obtained on three consecutive 
days
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Figure 4. 15 Linewidth augmentation functions
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The augmentation, of the Raman linewidth by the sum of the laser 
mode widths has been proposed (R. St. Peters, 1979, St. Peters and Lapp, 
1980) . It is not simple to determine the mode widths for a cavity 
containing an active medium, although they should be of roughly the 
correct magnitude. However, it is not clear (Eberly, 1976), . 
that a simple additive relation between laser modes and Raman linewidth 
should hold.
In practise the use of the PEG model, plus a linewidth augmentation 
factor gives good agreement with experimental data. The temperature 
measurement accuracy was tested as before, with the results shown in 
Fig. 4.16. The temperature errors are in the region of 1 - 2%, with 
evidence of a small systematic error of approximately -10 K at low 
temperatures. The temperature accuracy is comparable to that obtained with 
a fitted linewidth and shows good repeatability. Good results were also 
obtained at high temperatures as the spectrum from a propane-air spectrum, 
as Figure 4.17 shows.
4.3.4 Cross-coherence Effects
More recently, it has been proposed (Teets, 1984) that, as 
discussed in Chapter 2, the formulation as used by Yuratich (1979) is not 
generally correct and ignores cross terms which arise from coherence 
between polarisation contributions produced by interchange of the two pump 
frequencies giving rise to a particular anti-stokes frequency.
Teets proposes that the more general CARS equation:
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Figure 4. 16 Temperature accuracy obtained with augmented linewidth 
model
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Figure 4.17 CARS flame temperature spectrum fitted using augmented 
linewidth model
(3) (3)
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Does not reduce to that used by Yuratich:
Ias(“as) = /|2 xf“a s > V V * “i 2 Il(“l) W  " V  (al')
6 (03, +'o), t -u -03 ) do3-do) dw, f
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The CARS signal at a) thus does not result from excitation of the
as
medium at one unique frequency 03^ -03g , but from a range of frequencies such 
that 03. +03. T —o) =03 , dependent on the linewidths of the lasers. The cross-
1 1 S cLS
coherence effects of the different contributions to the CARS signal become 
important when the laser linewidth becomes comparable with or greater than 
the Raman linewidths. Comparison of the susceptibility terms in the cross­
coherence and Yuratich equations gives:
I XjtfXjL 12 = a ^ + b / 2  Xnrf(x[ +. X*f) +c/4g(x12 ) +c/2g(x1i2 ) 
+ c/2g(Xj X ^  +Xj x'J, )
and
[2xi[2 = axnr2+ bxnrf(x; ) +cg(xjL2 +xf) .
where x^ = X ^ a g  »wi »<V >ws
Xi = X-03as,03lt,031 ,03s
a,b,c are constants f,g ere functions
The use of the cross-coherence expression has the effect of 
decreasing the magnitude of the resonant contribution to the CARS signal, 
as the cross terms between resonant susceptibility components are 
degraded compared to the pure components. The cross-coherence terms will 
have their greatest effect at intermediate to high concentrations when 
resonant contributions form a substantial part of the signal.
A computer code fully incorporating the full laser convolutions, 
including cross terms was written. The evaluation of the full convolution 
involves for each anti-Stokes frequency the evaluation of a double do loop 
over the two pump laser linewidths, on the generally fine scale required 
by the laser linewidths. Thus this calculation takes considerably more 
computer time than the traditional incoherent one.
To test the effect of the coherent cross terms it is necessary to 
determine the linewidth of the pump laser a)^ . This was measured by
passing the pump beam through a 3.03 mm thick Fabry-Perot etalon with 
1.13 cm * free spectral range. A narrow planar section of the output 
interference fringes was then imaged onto a diode array camera via a 
spectrograph. Measurements of the relative fringe fwhm to spacing ratio, 
assuming a fwhm of 1/10 free spectral range, corresponded to a pump 
linewidth of 0.2 + 0,1 cm- As a test of the theoretical model, and of 
the above result, least squares fits to spectra were carried out. The
Lorentzian and Gaussian instrument components, and spectrum position were 
fitted for different pump linewidth values. Optimum agreement was
obtained for pump linewidths between 0.2 and 0.25 cm , as is shown below 
for a 1050 K spectrum.
Pump
Width
Fitted
Lorentzian
Instrument
Fitted
Gaussian
Instrument
Sum of 
Squarei
0.0 0.96 0.68 1.10
0.10 0.85 0.62 0.54
0.15 0.84 0.62 0.40
0.20 0.81 0.62 0.35
0.25 0.82 0.60 0.36
The model results are thus in good agreement with those obtained 
independently. As the spectra were relatively insensitive to the 
•difference between 0.2 and 0.21 cm the former was used for greater 
computational speed. The computation time increases markedly with an 
increase in pump laser width. For example it takes 14 s to calculate a 
spectrum with 0.1 cm  ^pump width, but 40 s for the 0.2 cm  ^ case.
The effect of including cross terms is shown in Fig. 4.18 for pump
width 0.2 cm  ^ and Gaussian and Lorentzian instrument functions of
0.62 cm  ^ and 0.81 cm \  respectively. Also included for comparison are 
spectra calculated using the standard fYuratich* model, and the Yuratich 
model with 0.025 cm  ^ linewidth augmentation. In all cases the PEG 
linewidth model was used.
Figure 4.19 illustrates the effect of an increase in concentration 
on a room temperature spectrum. At 1% concentration all three models are 
in reasonably good agreement, but as the concentration increases the
o o o o o o oo in o m o m o
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Figure 4. 18 A comparison of the effects of cross-coherence, and of 
Raman linewidth augmentation with a conventional model.
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Figure 4. 19 Laser linewidth effects as a function of concentration for 
room temperature spectra.
standard model predicts a significantly stronger, more modulated spectrum 
than either of the other models do. The use of the augmented linewidth 
model to approximate cross-coherence effects arises due to the reduction 
in signal strength and modulation with an increase in the linewidth. 
Substantial savings in computer time may be made by using this approximation, 
because due to the increased linewidth a coarser grid may be used to 
calculate the spectrum, and with respect to the cross-coherence model, 
because the time consuming double integral over the pump widths is no 
longer required.
Comparison of theory and experiment using the PEG linewidth model and 
including coherent cross terms did not, however, in some cases result in 
as good agreement as that obtained by variation of the linewidth in the 
standard model. This has also been noted in the comparison of theory and 
experiment made by Hall (1985) for CARS measurements of in an ethylene- 
air diffusion flame. This discrepancy may well, as Hall has suggested, 
be due to Raman linewidth uncertainties, and it is certainly desirable 
that additional linewidth measurements be made for above ambient 
temperatures. In addition as suggested by Greenhalgh (1985) for systems 
with no delay between pump beams, the jagged nature of the pump beams will 
be exacerbated by frequency doubling process and Gaussian statistics will 
no longer apply.
4.4 RAPID CARS SIGNAL ANALYSIS
4.4.1 Fast Temperature Algorithms
The use of fast algorithms to obtain estimates of temperature,
based on use of temperature sensitive spectral features is a subject of 
increasing interest, due to the high time and financial penalties 
incurred in analysing large quantities of data using full codes. Eckbreth 
et al (1984) summarise several possible techniques for N^, three utilising 
various measures of the width of the fundamental band, obtaining the ratio 
of the area of the fundamental band to its height, and obtaining the ratio 
of different regions of the spectrum to each other. In addition to the 
time savings obtained Eckbreth has found that these methods can be 
apparently less susceptible to the effects of spectrum noise. Appel et al 
at ONERA, (1979) have made use of the variation of the logarithm of the 
slope of the fundamental band on the low frequency shift side. Very recently, 
Pealat et al (1985) have investigated the use of a temperature sensitive 
feature, by calculating the integral of spectral density over a window 
covering the fundamental and first hot bands. The feature is taken to be 
the distance between the points at 0.1 and 0.9 of the peak of the integral. 
Measurements from a temperature controlled furnace were used to compare 
the fast algorithm with a theoretical model. The authors obtained for 
single shot spectra, agreement between mean temperatures of 1 standard 
deviation or better, and found the theoretical model indicated standard 
deviations approximately 20% narrower than the fast algorithm. Clearly, 
some methods are more particularly suited to definite temperature ranges; 
the ratio of the fundamental to hot band is very insensitive under 1000 K, 
for example. Similarly some methods will be more sensitive to dye laser
noise than others, particularly those relying on the measurement of 
small sections of spectra.
It was decided to investigate measures of temperature which used 
substantial sections of the spectra to minimise bias, and which were 
applicable over a wide temperature range. Five candidates were chosen 
for closest consideration.
(1) The mean ’position* of the spectrum. Where n is the number of 
channels in the spectrum and S(I) is the intensity of channel I:
Cl) -
N
I | 1 i .  s ( i ) .
N
i SCD. 
1=1
C2) Cl) multiplied by C5).
C3) The ’absolute* first moment about the mean position: 
N
I -|i - Cl)| x SCI)
(3) = izl--------------
E SCI)
,1=1
C4) C3) multiplied by C5)
C5) The ratio of the total spectrum area to the spectrum peak, where this 
is determined by the maximum Simpsons rule convolution over 5 
consecutive channels:
SMAX = SCI) + 4.SCI+1) + 2.S(I+2) + 4 SCl+3) + S(I).
m  = ssCD
K J SMAX
The values of the selected features were calculated as a cubic 
function of temperature using the instrument function parameters 
determined from the original model. Thus measurement of the spectral 
features gave a direct temperature value. At the time of this work the 
theoretical linewidth model constrained the linewidth to decrease 
linearly with rotational state, and this was calibrated against 
experimental spectra for the temperatures of the June 1983 measurements, 
292 K, 600 K and 1050 K. The values of the features versus temperature 
for these temperature ranges are shown in Fig. 3.20. All are reasonably 
linear over the temperature range shown, and as expected those that use 
two spectrum features have a stronger temperature dependence.
The fast algorithms were tested for 3 sets of 100 single shot spectra 
at 292, 600 and 1040 K. The temperature measurement errors are shown in 
Fig. 4.21. Reasonable agreement was obtained at low temperature by all 
methods, but at moderate temperatures all rapid methods substantially 
underestimated the temperature. The mean position of the spectrum gave 
best overall agreement, followed by the combination of this feature and 
the ratio of spectrum area to spectrum peak. In all cases, however, as 
good or significantly lower errors were obtained by carrying out a full 
least squares fit of the same theoretical model the algorithms were based 
on.
Figure 4.22 shows the standard deviation of the measured temperature 
distribution. Because the measurements were made in a stable, temperature 
controlled furnace with low temperature gradients, the width of the
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Figure 4.20 Temperature sensitive features as a function of temperature
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features.
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Figure . . ?2 Temper.iture precision obtained using temperature 
sensitive features
distribution arises from temperature errors induced by noise in each 
single shot spectrum. In contrast to the mean temperature errors, the 
temperature precision of the fast algorithms was in general better than 
that of the full least squares fit, as was noted by Eckbreth et al (1984).
Recently * quick fitters* have been used with considerable success in 
the measurement of species concentration (England, 1984), where the square 
root of the ratio of the smoothed spectrum peak to the non resonant 
background was used as a concentration sensitive feature, and the spectra 
were not ratioed against the dye laser shape. A major factor in the 
success of this method was the calibration of the technique against 
experimental data across the concentration range of interest, thus 
removing any systematic errors inherent in the model used and uncertainties 
in instrument function etc. This method also has the advantage that it 
automatically includes any laser cross-coherence effects.
Based on the above observations the use of calibrated fast fitters, 
in particular based on the measurement of mean spectrum position are a 
good candidate for temperature measurement. However, in particular at 
high temperatures, calibration is not possible and reliance on a model is 
necessary. A more fundamental problem arises in systems where both 
temperature and concentration vary widely - here notable errors will be 
introduced by the assumption of incorrect concentrations (Hall and Boedeker, 
1984). This is particularly serious in the case of quick fitters where no 
goodness of fit criteria or visual comparison between theory and experiment 
test the validity of the assumptions.
4.4.2 Fast Least Squares Temperature and Concentration Method
As the major species present in air fed combustion, the CARS
signal is frequently dominated by the resonant component. However, in 
environments where a substantial proportion of unbumt fuel is present, 
the high non-resonant contribution of the fuel can have a significant 
effect on the CARS spectral shape (Hall and Boedekeir, 1984). The
author has noted substantial correlation between the spectral broadening 
produced by a decrease in concentration, and that produced by an increase 
in temperature. Therefore, if an intermediate concentration spectrum is 
analysed using an inaccurate concentration value, substantial temperature 
errors result. In a turbulent environment the situation is exacerbated 
by the rapid fluctuations in concentration, and it becomes necessary to fit 
both temperature and concentration for each single shot spectra.
As a precursor to making temperature measurements in a turbulent 
furnace where the concentration could not be assumed stable it was 
therefore decided to develop a rapid least squares fitting method:
4.4.3 Method
Whether using the cross-coherence expression for the CARS signal or 
the Yuratich form the CARS intensity may be expressed as:
2 2 2 
Ias(o) ) = x_ + A x cone I x' + B cone (E x T» x") as ^nr nr ’
where cone is the concentration
A,B are constants which depend on whether cross-coherence 
is included 
X T is the real CARS susceptibility
X,r is the imaginary CARS susceptibility
both x* and the squared CARS component include laser and
instrument convolution functions.
2
Given the values of x 1 and x at the desired temperature, the spectrum 
can thus be directly obtained for any concentration and non-resonant 
background.
Thus libraries of the real and squared components of the CARS signal 
may be calculated as a function of temperature using instrument functions
and laser linewidths determined using the full model. The spectrum can
thus be calculated at the desired temperature by interpolation between 
library members and at the correct spectral position by interpolation 
between points in the resultant spectrum. It is further possible to 
extend the model into a third dimension.and calculate the library as a 
function of pressure thus permitting fast data analysis for environments 
such as those encountered in internal combustion engines where the pressure 
undergoes considerable variation.
4.4.4 Implementation of Method
As discussed above, the sensitivity of a spectrum to changes in 
temperature is strongest at low temperatures and decreases with increasing 
temperature, with a slight increase after 1000 K when the first hot band
becomes populated. To minimise the number of library members it was 
decided to use a temperature grid which became increasingly coarse with 
increasing temperature. The size of the grid spacing was determined by 
the quality of the interpolation scheme used, and use of a cubic semi­
spline scheme (Harwell Surbroutine Library Tb03) enabled a reasonably 
coarse grid to be used as well as necessitating the interpolation over 
only 4 adjacent library members for any temperature. The grid selected 
for the temperature range from room temperature up to 2800 K is shown in 
Fig. 4.23. Here the crosses indicate the position of the grid points, and 
the y axis shows the number of experimental channels used for a particular 
temperature.
The number of spectrum points containing temperature sensitive 
features increases with temperature; inclusion of points that are 
insensitive to changes in temperature, but are subject to noise, into a 
fitting calculation can introduce undue bias. Therefore an increasing 
number of spectral points are included with increasing temperature, also 
reducing storage requirements for the library. By use of the cubic semi­
spline interpolation scheme and the calculation of the spectrum library at 
half the dispersion finally required excellent agreement between the 
interpolation model and the full code were obtained. This is illustrated 
in Fig. 4.24 where the interpolated spectra are plotted with the equivalent 
full code calculations, 24(a) shows an atmospheric pressure high temperature 
spectrum, whilst (b) shows an interpolation with respect to pressure also, 
using a G matrix model to generate the libraries. The grid spacing for 
pressure may also be reasonably coarse, as this example shows.
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Figure 4.23 Interpolation grids used for fast temperature measurement 
algorithm.
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Figure 4.24 Comparison of calculated and interpolated spectra
With any optimisation system the initial estimates of the quantities 
to be fitted must be within a reasonable range of their true value if an 
accurate measure is to be obtained. For use in rapidly fluctuating 
systems some initial estimate of temperature is needed and therefore the 
code incorporated two 'fast algorithm1 techniques, based on the mean 
position and the ratio of total area to smoothed fundamental peak area, 
and assuming 70.0% concentration, to give an approximate first guess. In 
addition the algorithm allows any spectra for which the first attempt at 
fitting fails, a second chance with initial parameters modified in the 
light of the first attempt results.
The following table summarises the approximate relative speeds for 
spectrum calculation using the interpolation code and the full calculation 
Each case gives the time to fit 400 spectra, assuming an average 24 
iterations, using a CRAY 1.
Temperature
K
Full cross­
coherence model
Augmented
Yuratich
Interpolation
292
1000
2000
lhr 45m 
36hrs 
^400hrs
^15m 
lhr 45m 
7hrs 30m
10s 
45s 
lm 10s
4.5 SINGLE SHOT TEMPERATURE PRECISION
4.5.1 Cars Spectral Noise
Given an accurate physical model of the CARS process and a well
understood instrument function a limitation on the measurement accuracy 
attainable is imposed by noise present in the CARS signal. This is of 
particular importance when measuring temperature fluctuations using 
single-shot broadband CARS where noise levels are typically 8 to 10% 
(Greenhalgh et al, 1983, Murphy and Chang, 1981). The CARS noise 
originates both from the lasers generating the signal and from the CARS 
detection process. The noise exhibited by the broadband dye laser is 
estimated to be approximately 5 - 10% (Greenhalgh and Whittley, 1985).
The detector readout noise results in fluctuations of the order of 3 - 4 
counts and is thus negligible for CARS signals of typically 10000 counts 
peak. The counting statistics for signals of this strength are 1 - 2 % .
4.5.2 Referencing
In the strong signal regime the laser contribution dominates and 
attempts to reduce CARS noise have concentrated on this aspect. One 
approach to reduce the effective noise (Taran and Pealat, 1982, Taran 
et al, 1976, G.L. Switzer et al, 1980) is to ratio the single-shot spectra 
to a reference CARS spectrum for the same laser pulse, produced from a 
cell of gas which should be subject to the same dye laser noise. As 
discussed in the previous Chapter ratioing CARS spectra to spectra 
obtained from non-resonant gas is a common procedure to remove the overall 
shape of the dye laser. In this case, the aim is not only to account for 
overall features but to ratio out shot to shot noise. The gas used may be 
resonant or non-resonant and is generally at a fixed temperature and
pressure giving information on signal strength. However use of reference 
cells has met with limited success: if multimode laser sources are 
employed fluctuations of the normalised signal of up to 25% have been 
found (Taran, 1976). Even using single mode lasers noise levels of 
approximately 5 - 7 %  are obtained. Referencing becomes more difficult 
when the beam geometry is disturbed, such as by temperature gradients in 
turbulent flow although this may be improved by the use of in-situ 
referencing, where the medium non-resonant background is used as a 
reference (Oudar and Shen, 1980, J.A. Shirley et al, 1980).
More recently, Pealat et al (1985) have compared CARS temperature 
measurement accuracy with no referencing, referencing to an averaged dye 
laser spectrum, and shot to shot referencing. Although they found 
averaged temperature measurement errors of 10 - 100 K if no referencing 
is performed they found shot to shot referencing offered only marginal 
advantages, over referencing to an averaged spectrum.
4.5.3 Mode Noise in Multi-mode Lasers
Recently, therefore, considerable effort has been made to understand 
the processes causing (Greenhalgh and Whittley, 1985, Eckbreth et al, 1983 
and Eckbreth et al, 1984, Harris, 1982) dye laser noise and thus reduce it 
directly. Eckbreth et al (1984) has suggested that the dye noise originates 
in the temporal integration of the dye laser cavity modes turning on and 
off during the pump beam pulse, due to spatial hole-burning effects.
An (Greenhalgh and Whittley, 1985) alternative theory has been
developed, drawing on the work of Mironenko and Yudson (1980, 1982), in 
which statistically independent laser modes are assumed with an initial 
mode configuration governed by the statistics of spontaneous emission for 
each mode. The laser noise is due to the presence of many modes with widely 
varying intensities. Based on a random walk analysis an exponential 
intensity distribution with 100% fluctuation about the mean for a given 
mode is deduced. Exponential distributions have also been observed by 
Baev et al, (1981) and Curry et al (1973). As the number of modes increases 
the exponential intensity distribution transforms to, in the limit of many 
modes, a Gaussian distribution. They postulate that the noise is thus 
related to the number of modes contributing:
a/<Ijn> = l//jn
where a is the noise standard deviation, Ijn the mode intensity, j the 
number of modes observed and n the number of laser shots averaged together.
A decrease in noise was observed when the number of longitudinal modes was 
increased. This relationship did not, however, hold for transverse modes, 
as the mode statistics may be dominated by the strong, low order transverse 
modes. Introducing an intercavity wire mesh or using a comer-cube prism 
as dye laser rear window to reduce low order transverse modes resulted in 
noise levels similar to that obtained with referencing i.e. approximatley"
5%.
4.5.4 Noise in CARS measurements of turbulent devices
In practice the noise limit imposed by the dye laser may not be 
attained, particularly when measuring in highly turbulent environments.
The signal detectors commonly used, e.g. diode array cameras, have a 
limited dynamic range between saturation occurring at high signal levels, 
and the signal being dominated by counting statistics, or in extreme cases 
by detector readout noise, at low signal levels. In turbulent flows both 
strong signals from high density low temperature gas, and lower intensity 
spectra from hot, low density gas may be present. The signal level must 
avoid detector saturation for the strong signals, and this may result in 
the weaker signals being subject to considerable noise. Eckbreth (1983) 
has suggested that an optimum signal level may be maintained over a wide 
temperature range by introducing an optical splitter in the spectrograph 
to produce multiple spectral images, corresponding to different degrees of 
attenuation. This option however may be inapplicable in circumstances where 
limitations are placed on the laser power by optical breakdown in fuel rich 
highly turbulent regions.
The noise affecting single shot N^ spectra measured in an oil spray 
furnace, as discussed in Chapter 5, is that of counting statistics. This 
is illustrated in Fig. 4.25, where the sum of squares of deviations between 
experimental and theoretical spectra is shown versus the reciprocal of the 
number of equivalent photons in the peak of the unratioed CARS signal. In 
the absence of any systematic errors, the sum of squares indicates the
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square of degree of noise affecting the signal, and the noise due to 
Poisson counting statistics is proportional to square root of the signal 
photon count. The strongly linear relationship indicates that counting 
statistics dominate the signal noise.
It is important to determine the effect of counting statistic noise 
on single shot precision measurements. It was thus decided to investigate 
the relative effects of dye laser noise and Poisson noise on measured 
temperature distribution width, both at room and higher temperatures.
4.5.5 Measurements
In room temperature air, using the CARS system previously described 
the following procedure was followed:
1) The averaged dye laser spectrum shape was measured from the non­
resonant signal from CO^ gas.
2) 400 single shot spectra were measured.
3) The laser power was reduced so that the signal was approximately 
halved in strength.
Steps 2 and 3 were repeated several times until the signal level was 
very substantially reduced. The dye laser spectrum shape was then 
measured again, to observe any shifts in the dye frequency distribution, 
although no significant changes occurred over the timescale of the 
measurements. This procedure was repeated, taking measurements at 
approximately 604 K and 1050 K in the Waytron observation furnace 
described previously.
The equivalent number of photons corresponding to the spectrum peak 
was calculated for each spectrum, and the average for each group of 400 
spectra calculated. The measurements made were:
Temperature K Average Counts Comment
292 12275
if 3200
ir 1625
n 720
ii 215
603 12450 Some spectra saturated detector
604 5950
it 3025
605 1130
IT 420
IT 150
1050 7880
If 2745
tr 895
ti 365
it 160
4.5.6 Data Analysis
Each set of 400 single shot spectra was analysed by least squares 
fitting temperature and spectrum position using the fast least squares 
analysis method described above.
The instrument function determined in the temperature accuracy study,
0.77 cm  ^Gaussian and Lorentzian components, with a linewidth augmentation
of 0.025 cm \  gave good agreement with the room temperature data.
However, prior to the measurement of the high temperature spectra, a 
deterioration of the diode array detector system used, which occurred on 
evacuating the detector, to prevent icing on cooling to lower 
temperatures, resulted in an increase in cross talk between channels.
Least squares fitting of this instrument function resulted in an increase 
in the Lorentzian component only, to 1.1 +_ 0.1 cm This instrument 
function was used for the analysis of the 604 and 1050 K spectra.
The standard deviations of the temperature distributions are shown 
in Fig. 4.26 versus the average noise N due to counting statistics, where 
400
* - -530 Tf , - L -
/P(I)
and P(I) is the peak photon counts of the spectrum.
The strong linear relationship displayed by the results is evidence 
of the importance of counting statistics to temperature measurement 
precision. The temperature standard deviation for zero Poisson noise is 
due to dye laser noise, although in practice this limit could not be 
achieved, because of the limitation on signal intensity imposed by 
detector saturation. The dye laser noise was measured to be approximately 
9% rmsj by ratioing 100 single shot dye laser spectra to their sum, and 
calculating the average rms variation about the mean. This level of noise
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Figure 4.26 The effect of noise on measured temperature standard 
deviation.
introduced a temperature precision error of approximately 3% of the mean.
To enable corrections to be made to probability density function 
temperature measurements for noise induced contributions a linear least 
squares fit of the result was carried out at each temperature of the 
study.
^  N
° T =  ° d / T
where a^ is the temperature distribution standard deviation 
is the offset for zero Poisson noise 
N is the gradient
P is the average peak photon counts 
The results are shown as the solid lines in Fig. 4.23, and were:
Temperature ad N
292 14.0 + 0.5 535 + 11.0
604 16.5+ 1.5 8 3 5 + 3 5 . 0
1050 29.0 +_ 10.0 1115 + 230.0
It is clear from the above and from inspection of Fig. 4.2 6 that the
scatter of the data increases markedly at high temperatures, in line with 
the reduction in sensitivity of the spectra to changes in temperature. 
Using the uncertainty measures above, a weighted linear least squares fit 
as a function of temperature gives:
291.5 + 0.855 x T
aT = 11.0 + 0.0097 x T +
/P
This expression may be used to estimate noise contributions to pdf 
widths measured using the current CARS system, although minor discrepancies 
may be caused by the change of instrument function. It may be noted that 
for signal levels of less than approximately 2000 counts, Poisson counting 
statistics will dominate.
There is evidence (Greenhalgh and Whittley, 1985) that dye laser 
noise statistics have an exponential distribution which becomes Gaussian 
when many laser modes are present. The convolution of a Gaussian 
distribution with a Lorentzian, Poisson, or another Gaussian distribution 
results in a distribution, whose width is a non-linear function of the 
•component widths. However, a linear relationship is observed between 
temperature standard deviation and Poisson noise, with an offset due to 
dye laser noise. Reasons for this discrepancy are unclear, but it may 
arise because Poisson and dye laser noise occur on a small frequency scale 
across each spectrum.
4.5.7 Computational Study
It was decided to compare the measurements of temperature precision 
with the results of introducing both dye laser noise and counting 
statistics noise into CARS spectrum claculation and analysing the 
resultant spectra. A computer model was written to allow both dye laser 
noise, and the degree of counting statistics noise to be selected.
4.5.8 Model
(a) Dye Laser Noise
The spacing of dye laser modes determines the frequency scale of the
noise (Greenhalgh and Whittley). The present system used a 30 cm long
dye laser cavity, which corresponds to a mode separation of 0.0167 cm \
The method of spectrum calculation described previously involves the
2
computation of the x spectrum over a fine frequency grid, determined by
2
the narrowest linewidth. For the noise calculations the x spectrum was
evaluated every 0.005 cm and this was multiplied by a noise function,
-1 2 
which changed every 0.02 cm . The modified x spectrum then underwent
an instrument function convolution as previously.
las = /(x (2)(oj) x In(m)) TC(a))dco
where In(m) is the dye noise function.
Based on the work of Greenhalgh and Whittley (1985) 100% fluctuations 
about the mean were proposed. The noise function at a given frequency was 
a randomly selected from a Gaussian distribution, with a mean of 1.0 and 
100% standard deviation (Harwell Subroutine Library FA04DS).
The spectrum was also computed for the non-resonant case:
las = f In(oj) TC(a))daj
An example is shown in Fig. 4.27 and the rms noise calculated to be 
7.3%, in the range of 5 to 10% obtained with the CARS system used.
(b) Poisson Counting Noise
Unlike the dye laser noise, the Poisson noise was applied after 
instrument and laser convolutions had been carried out. The standard
SPECTRUM WITH ADDED NOISE 34 0-3 201
475. 40474. £0 4 75. 00473. 00 4 73. 3 0
Figure 4.27 Simulated noise spectrum
deviation, of a Poisson distribution is related to the mean: 
a  -  /y where p is the mean
To approximate this process, the peak signal photon counts of the 
spectrum was first selected, and the spectrum peak normalised to this 
value* Then at each spectrum point las (to) a random number was generated from 
Gaussian probability distribution with mean ]as (to) and standard deviation 
/ias(to), and this was used as the new signal. Although the distribution 
used was Gaussian, not Poisson, the overall order of magnitude of the 
process should be approximated.
4.5.9 Results and Discussion
Using the noise models above, 200 single shot ppectra were 
calculated at temperatures in the range 600 to 1700 K, for spectrum peak 
intensities of 50 to 500 photon counts. Least squares fits were then 
carried out for temperature and spectrum position on each set of data, and 
the temperature standard deviation of each distribution calculated. The 
results, shown in Fig. 4.28 are clearly at variance with thoseobtained 
experimentally, and show the counting statistics to have very little 
influence on temperature precision. The overall contribution, greater 
than in practice, arises from the dye laser noise.
The difference between the two noise sources in the model used gives 
an important insight into the susceptibility of CARS measurements to noise. 
The Poisson noise was applied after the instrument function convolution
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Figure 4.28 Temperature standard deviations induced by simulated noise
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had been applied, and therefore neglected the contribution of the 
detector, which has approximately 30% cross talk between channels. The 
frequency scale over which the noise occurs is of considerable relevance to 
the effect the noise has on temperature accuracy. Because the Poisson 
noise was on too small a scale in the model above, even when it was made 
quite severe, and resulted in very poor goodness of fit parameters, the 
temperature precision was not strongly affected. It would be of 
considerable interest to investigate the temperature precision that may 
be obtained by using high dispersion, low instrument function CARS systems.
CHAPTER 5
CARS DIAGNOSTICS FOR OIL SPRAY COMBUSTION
5.1 INTRODUCTION
Recent years have brought substantial pressures to improve fuel 
economy. This, together with the desire to utilise fuels of substantially 
lower quality than the highly refined oils available at present, and at 
the same time control emission of unwanted combustion products, has lead 
to considerable interest in the study of combustion phenomena. In 
particular the combustion of fuel sprays is of great importance 
industrially. To achieve these goals computer models have been developed 
to calculate the key thermodynamic variables, and the flow fields 
responsible for fuel-air mixing. These models are intended to both aid 
combustor design and to gain greater insight into the processes 
occurring in high temperature turbulent reacting flows.
The main features of combustion in a typical oil-fired furnace are 
illustrated in Fig. 5.1. Swirl vanes in the inlet produce a swirling air 
flow, into which fuel is introduced. The fuel droplets are entrained in 
the circulating air and as the fuel droplets evaporate, the vaporised fuel 
bums. The turbulence breaks up the oil spray, causing small droplets to 
behave as individual diffusion flames. For complete combustion of the 
fuel the fuel and oxidant should be present in the correct, stoichioimetric, 
proportions. However, in practice perfect vaporisation and mixing of the 
fuel is not achieved, and to ensure that fuel does not remain unbumt, 
excess oxidant is generally added.
Air motion
-Vaporised fuel burns
Fuel droplets evaporate
Fuel droplets entrain in 
circulating air
Swirl vanes
Fuel
Figure 5.2 The Harwell model furnace
The combustion processes occurring are dependent on both physical 
and thermodynamic variables. The rate of reaction is determined by both 
the mixing, which is associated with the turbulence of the flow, and the 
droplet vaporisation. Thus to properly characterise the system, 
information on the gas temperature, major species concentrations, 
pollutant concentrations, and gas and fuel velcoity and turbulence fields 
are required. Further, as many of the processes involved in oil spray 
combustion are highly non-linear, particularly in temperature, knowledge 
of only mean variables, in the highly fluctuating environment, is 
insufficient.
Conventionally, measurements of gas temperature, concentration and 
velocity were achieved by the insertion of material probes into the 
environment. Temperatures were probed by thermocouples (e.g. Dils and 
Follansbee, 1979) or suction pyrometers (e.g. Founti et al, 1979). 
Tichenor and Dils, (1983) have recently developed a sapphire fibre-optic 
temperature probe, which senses thermal radiation, is sensitive to small 
temperature fluctuations, and perturbs the environment to a lesser degree 
than larger probes. Traditionally, species concentrations were measured 
by mass spectrometry (e.g. D f Alessio et al, 1975) and gas chromatography 
(e.g. B. Thomson, 1980). Scalar velocities were investigated using hot 
wire anemometers.
The last decade has witnessed both the development of powerful non- 
invasive, laser based diagnostic techniques, and the demonstration of 
serious perturbations caused by using probes. Measurements both in flame
environments (Eckbreth and Hall, 1981) and internal combustion engines 
(Johnston and Green, 1982) have recently demonstrated the serious 
magnitude of such preturbations.
The early development of Laser Doppler Anemometry has lead to several 
studies of turbulent flowfields (Founti et al, 1979, Chigier and Styles, 
1977). The determination of droplet size distributions has also been 
investigated (C.R. Negus, 1979).
There exist several non-invasive techniques for temperature 
measurement. However, as was discussed in Chapter 2, the considerably 
greater signal strength of CARS and its relative immunity from 
interference, compared to such techniques as Rayleigh scattering and 
Spontaneous Raman scattering make CARS the preferred choice. This is 
particularly the case in environments where interference from Mie 
scattering from particulates, fluorescence or particle incandescence 
(Eckbreth, 1977) present problems. The use of broadband single-shot CARS 
gives the possibility of measuring temperature, or concentration 
Probability Density Functions (PDFs) by measuring typically 400 or more 
single-shot spectra at each measurement point. However, as discussed in 
Chapter 4, to carry out a full least squares fit of a theoretical model 
to the many thousand spectra required to characterise the temperature 
fluctuations on a moderate grid across a combustor, has proved 
prohibitively time consuming. The feasibility of single-shot PDF 
measurements has been demonstrated, and data analysed by full least squares 
fitting (Greenhalgh et al, 1983 and A.C. Eckbreth, 1979). However, CARS
investigations in flames have to date used either averaged measurement, 
(Eckbreth, 1979, Harris, 1983, Farrow et al, 1982, Hall and Boedeker, 
1984) or used 'quick-fitter* algorithms for single shot measurements 
(e.g. Ferrario et al, 1983).
Hall and Boedeker (1984) have recently demonstrated that serious 
temperature errors may be introduced if the effects of changes in 
concentration, due to the presence of substantial quantities of fuel, are 
neglected. This would preclude the use, in such circumstances of 
temperature 1 quick-fitterf algorithms (Eckbreth et al, 1984), which are 
also sensitive to changes in concentration. The development of fast, 
library based interpolation models, in which concentration may be easily 
varied, as developed in Chapter 4, and concurrently by Hall and Boedeker 
(1984) has enabled full analyses to be carried out on a realistic 
timescale. The practical analysis of single-shot CARS spectra is now 
feasible for temperature and concentration over sufficiently fine spatial 
grids to characterise temperature and temperature fluctuations in 
practical combustion devices.
The aim of the work described in this chapter is the measurement of 
mean temperatures and temperature PDFs by single-shot CARS spectroscopy 
across a vertical plane of a kerosene-air turbulent diffusion flame in a 
model furnace. Measurements are made from just above the burner to the 
post flame region and all data analysis is carried out by the fast 
interpolation method discussed in Chapter 4. In the post flame region, 
where turbulent fluctuations are less severe, averaged measurements of
H^O and concentrations were made, and an analysis of the latter will
appear in a future publication.
Considerable attention has been given to studying oil spray combustion 
at Harwell, and comparison made between theoretical models and 
measurements made in a model furnace (Cliffe et al, 1979). Information 
on only flow velocities and droplet distributions has been available in 
the past (Founti et al, 1979, C.R. Negus, 1979) using non-intrusive 
techniques. Due to problems of asymmetry and flame instability it was 
decided to replace the burner system in the model furnace. The 
measurements of temperature PDFs throughout the improved furnace, and 
species concentration in the post flame region, together with measurements 
of gas and droplet velocities should enable considerable progress to be 
made in the discrimination between, and verification of, models for oil 
spray combustion.
This Chapter consists of four main parts:
A brief overview of the different models for oil spray combustion is 
given.
This is followed by a description of the furnace used, and the 
measurements made, including a brief discussion of the velocity data 
available for the furnace.
The temperature results are discussed and contour plots of both mean 
temperature and temperature standard deviation are produced. The 
spectral noise is found to be dominated by detector Poisson 
statistics. Based on the study of the contribution of Poisson noise
to temperature PDF widths described in Chapter 4, corrections are 
made to the furnace PDF widths and the PDF distributions examined 
across the furnace measurement grid. A comparison between the mean 
temperatures deduced from single shot spectra, and the mean 
temperatures obtained by averaging the spectra, shows notable 
differences in the fluctuating regions of the flame, whilst good 
agreement is obtained in the post flame region. H^O concentration
measurements are presented in the post flame region, and factors 
relating to their accuracy discussed.
The temperature measurements are compared with oil spray model 
predictions, kindly supplied by P. Stopford, and the results for a 
discrete droplet model and a continuous droplet model compared.
5.2 OIL-SPRAY COMBUSTION MODELS
Three main classes of spray model have been developed (Faeth), and 
work is proceeding (Stopford) to incorporate a model from each class into 
the Harwell NER01 code (Cliffe et al, 1979b), which at present uses a 
continuous droplet model.
1. The continuous droplet model (CDM)
The continuous droplet model (Williams, 1965, Cliffe et al, 1979b) 
describes the spray by a continuous statistical distribution which is 
swept along with the gas velcoity. The model includes droplet position, 
velocity and radius but it is assumed that the droplet velocity and the
gas velocity are the same - the model is thus less accurate for large 
droplets, which move more slowly than the gas. CDM has been mostly used 
in situations where pure liquids are evaporating at a steady wet-bulb 
condition.
2. Continuum Formulation Model (CFM)
A continuum formulation model treats droplets as a continuous fluid 
phase. The gas and droplet phases may be thought of as continua which 
interact and intermingle with each other. CFM has been widely used to 
model multidimensional two-phase flows (Harlow and Amsden, 1975 and Gany 
et al, 1976). Although concise when a single fluid phase is adequate to 
describe the droplet phase, for sprays with a wide range of drop sizes 
multiple fluid phases must be considered.
3. The Discrete Droplet Model (DDM)
DDM methods have perhaps been most widely used in recent years for 
spray evaporation calculations. DDM involves the calculation of droplet 
trajectories through the gas phase. Generally the spray is assumed to be 
dilute, and although droplets interact with the gas phase they are not 
usually assumed to interact with each other. Combusting sprays are in 
general modelled by assuming that drops within the spray act as 
distributed sources of fuel vapour. As DDM is a two phase model, the 
gaseous and liquid phases must be treated separately.
5.3 EXPERIMENT
5.3.1 CARS System
The CARS apparatus used was substantially the same as that 
described in Chapter 3. The lasers and front-end optics were supported on 
a platform in direct line with the furnace optical access as is shown in 
the photograph in Fig. 5.2. The CARS signal emerged from the line of sight 
access opposite, and was passed by mirrors to a separate room where the 
spectrograph and camera were situated, whilst the laser beams are 
excluded by a beam trap. Dichroic filters were introduced into the CARS 
signal beam to eliminate interference from Mie scattering from droplets.
5.3.2 Furnace
Previous measurements of kerosene-air combustion in the Harwell 
model furnace have been described by Founti et al, (1979). The furnace is 
cylindrical in shape, with an internal diameter of 30 cm. The furnace was 
located with its axis in the vertical plane and the effective length of 
the combustion zone is approximatley 1 m. The furnace wall is made up of 
five water cooled sections, and a lower end plate, which is also water 
cooled, supports the burner. A fixed rectangular platform surrounds the 
furnace and supports the diagnostic equipment. Four orthogonal windows, 
located in one of the wall sections provide optical access to the furnace. 
The measurement location is changed by moving the furnace with respect to 
the optics; vertical adjustment of ±50 cm, and horizontal adjustments of 
±15 and ±5 cm are possible.
As mentioned above, the twin-fluid atomiser burner used by Founti et 
al was found, by high speed photography (Negus, 1979b) to be highly 
unstable, with a period of approximately 1/25 s and the flow field 
produced was strongly asymmetric. In addition to the main combustion air 
entry, the burner had air jets attached to a shroud on the tip of the 
fuel nozzle to assist atomisation. Attempts to model this arrangement 
were found to be (Gosman et al, 1980) highly sensitive to the assumed 
velocity of the additional air, although its mass flow rate was negligible 
in comparison to the main combustion air. For the present series of 
experiments the nozzle was changed to a pressure-jet type which was 
found to produce a more satisfactory flame.
Measurements of mass flow rates (Negus, 1984, private communicatia) 
indicate that the 0^ supply is 100% in excess of that required by
stoichiometry.
5.3.3 Velocity Measurements
Negus (1983) has extended a laser Doppler anemomentry (LDA) system 
to measure the velocity and size of droplets from the scattered signals 
in the Harwell model furnace. Both axial and seirl velocities have been 
measured by LDA on grids in a vertical plane across the furnace. The axial 
velocities are shown in Fig. 5.3, where the solid lines show mean velocity 
and the broken lines show rms velocity. A degree of asymmetry is evident, 
with higher mean velocities, and lower rms velocities for x greater than 
0. Swirl velocities are shown in Fig. 5.4 for both isothermal flow
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Figure 5.4 Swirl velocity in the furnace
(broken lines) and with combustion occurring (solid lines). The LDA 
system used was optimised for droplet velocity measurement. In addition, 
approximately 1 pm diameter TiC^ particles were introduced into the
flame, to follow the gas velocities. The signal was therefore composed of 
components due to both air motion and droplet motion, with the system 
optimised for the droplet motion. Previous studies (Founti et al, 1979) 
have found that in such an environment the droplet contribution tends to 
dominate.
5.3.4 CARS Measurements
For the CARS temperature measurements the same horizontal grid as 
used by Negus for velocity measurements was used: 400 single shot 
measurements were made at each point in a plane at 4, 8, 12, 16 and 20 cm 
above the burner. At each height measurements were made on the furnace 
vertical axis and at 2, 4 and 6 cm on either side. 400 single shot 
measurements were also made at points on the furnace axis at heights up to 
28 cm above the burner. No variability in the furnace conditions were 
observed on a given day, but some variation from day to day was noted.
A typical measurement run consisted of the measurement of a 500 shot 
averaged dye laser spectrum from CO^. This was followed by the consecutive
measurement of single shot spectra at each of the 7 positions comprising a 
horizontal grid plane. Finally a second averaged dye laser spectrum was 
measured, and ratioed with the initial one to check for changes in dye
laser profile. As is shown'in Fig. 5.5, no significant systematic change 
occurred in the relatively short time, typically 20 minutes, between 
measurements of the dye laser shape. All measurements on the afore­
mentioned grid were made on a single day, for optimum consistency of
furnace operating conditions and CARS instrument function. In addition,
H^O species concentration measurements were made on the furnace axis in
the post-flame region, to determine the extent of combustion.
The spectrograph dispersion was measured for the frequency ranges 
covering the and H^O spectra. The dispersion was obtained by
calibration against the emission from Mn and Zr hollow cathode lamps,
which have lines in the 473.0 to 475.0 nm region. The average dispersion
obtained was 0.00810 ±0.00001 nm/channel. The dispersion for 445.0 to
447.0 nm for H^O was obtained by calibration against Mn lines, to be
0.008417 ± 0.000002 nm/channel.
5.4 RESULTS
5.4.1 Temperature Measurements
A room temperature, 500 shot averaged spectrum was least squares 
fitted for spectral position using the instrument function determined for 
the apparatus 4 months previously. As can be seen in Fig. 5.6 excellent 
agreement was obtained and an instrument function composed of a convolution 
of a 0.77 cm  ^ FWHM Gaussian and 0.77 cm  ^ FWHM Lorentzian contributions,
together with an augmentation of 0.025 cm  ^ to the Raman linewidth was 
used throughout.
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Figure 5. 6 Room temperature spectrum
Data analysis for temperature and concentration was carried out by 
least squares fitting, using the fast analysis program described in 
Chapter 4. Prior to analysis spectra were ratioed with the characteristic 
dye laser shape. Spectra were transferred from the PDP 11/34 for a full 
single shot analysis on a CRAY IS vector processor. At each measurement 
point a least squares fit of temperature, concentration and spectrum 
position was carried out, using the fast analysis program.
To achieve accurate convergence it was necessary for the fitting 
routine to have an approximate initial estimate of the temperature for 
each spectrum. Due to the large turbulent fluctuations, the temperature 
differed substantially between consecutive single shot spectra. It was 
decided to estimate the temperature for each single shot spectrum by 
using 'quick-fitter* algorithms, as discussed in Chapter 4. Two were 
used: the mean spectral position and the ratio of the overall spectrum 
area to the fundamental band peak area calculated as a function of 
temperature, assuming a concentration of 78% N^, and a background
susceptibility 1.11 times that of air.
Although the combusting flow was highly turbulent, problems with 
beam steering or defocusing were only experienced in the central part of 
the furnace, and in the region of the flame fronts, 4 cm above the burner. 
Significant beam attenuation occurred in this region, where considerable 
unbumt fuel was present. In addition, a proportion of the spectra in 
this region were subject to a substantial frequency independent background, 
as is illustrated in the unprocessed spectrum in Fig. 5.7. This
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Figure 5.7 CARS spectrum with frequency independent background
background may be attributed to the optical breakdown of the medium, 
which becomes ionised by the intense electric fields (Bekefi, 1974) and 
is a particular problem in fuel rich environments. This may have been 
further exacerbated by focusing of the laser beams by droplets, acting as 
lenses. The reduced signal quality is demonstrated in Fig. 5.8, which 
shows a contour plot of the number of spectra for which the data fitting 
program achieved convergence out of the 400 measured at each position. 
Evidence that the reduced signal quality is not due solely to 
attenuation is shown by the contour plot in Fig. 5.9. This illustrates 
the strength of the CARS signal, which is represented by the peak number 
of photon counts in each CARS spectrum, averaged over all 400 spectra at 
each point. It should be noted the signal strength is not indicative of 
the medium conditions, as the signal was optimised by adjusting the laser 
strength, to take into account both detector saturation and optical 
breakdown in the medium.
The mean temperature, concentration, sum of squares of deviations 
between theoretical and experimental spectra and the temperature standard 
deviation obtained are given in table 1 below.
Figure 5.10 shows a temperature contour map calculated, using the 
Statistical Analysis System contour programs. A substantial degree of 
asymmetry is evident, as the left side is notably hotter than the right 
side. As the low sums of squares of deviations show, generally excellent 
agreement between theory and experiment was obtained, particularly in the 
post flame region. Lower signal quality was evident in the highly
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cm x cm Mean Temp. Sum of Concentrat
temperature s. dev squares
4 .0 - 6 . 0 677.0 158.0 3 .7 73.0
it - 4 . 0 932.0 394.0 10.6 60.0
tt - 2 . 0 787.0 386.0 5 .0 65.0
tt 0 .0 510.0 223.0 2 .9 77.0
tt 2 .0 950.0 449.0 8.9 63.0tt 4 .0 810.0 362.0 10.4 67.0
tt 6.0 803.0 136.0 4 .8 71.0
8 .0 - 6 . 0 1198.0 380.0 6.9 68.0
tt - 4 . 0 1577.0 313.0 5 .0 55 .0
tt - 2 . 0 1238.0 472.0 12.8 65.0
it 0 .0 701.0 333.0 7.5 65.0
tt 2 .0 1370.3 454.8 8.1 67.0
tt 4 .0 1604.0 337.0 6 .5 63.0
it 6 .0 1021.0 372.9 8 .4 77.0
12.0 - 6 . 0 1476.0 224.0 4 .3 65.0
it - 4 . 0 1536.0 245.0 4 .4 61.0
tt - 2 . 0 1317.0 362.0 7.3 68.0
tt 0 .0 1080.0 373.0 7.1 69.0
tt 2 .0 1342.0 261.0 4 .0 66.0
tt 4 .0 1372.0 184.0 3 .3 69.0
tt 6 .0 1271.0 203.0 3 .2 72.0
16.0 - 6 . 0 1447.6 176.5 2 .5 72.0
it - 4 . 0 1486.8 185.0 2 .7 69.0
tt - 2 . 0 1380.0 249.0 3.5 70.0
tt 0 .0 1331.0 255.0 5 .0 67.0
tt 2 .0 1378.0 181.0 2 .8 71.0
tt 4 .0 1330.0 158.0 2 .7 72.0
it 6.0 1248.0 163.0 2 .4 73.0
20 .0 - 6 . 0 1402.0 172.0 2 .6 71.0
tt - 4 . 0 1441.5 153.5 3 .1 73.0
tt - 2 . 0 1426.3 177.0 2 .8 71 .0
tt 0 .0 1367.6 199.0 2 .8 71.0
tt 2 .0 1346.0 162.0 2 .8 72.0
tt 4 .0 1259.2 160.0 2 .4 72.0
it 6.0 1173.8 133.0 2 .3 70.0
Table 1
turbulent regions close to the flame front near the burner. Examples of 
typical consecutive single shot spectra from both the post flame and 
near burner regions are shown in Figs. 5.11 and 5.12.
5.4.2 Temperature Fluctuations
It was noted that a considerable correlation exists between sum of 
squares and temperature standard deviation, as is shown in Fig. 5.13, 
where the sum of squares is plotted versus standard deviation. As 
discussed in Chapter 4, in the absence of systematic errors the sum of 
squares indicates the degree of noise a spectrum is subject to. Displaying 
sum of squares versus the reciprocal photon counts for a set of single 
shot spectra, in Fig. 5.14, shows the Poisson nature of the noise. Figure 
5.15 shows a graph of photon counts versus temperature for a high 
turbulence region. As it is important not to distort the substantial 
number of strong spectra corresponding to relatively cool temperatures by 
saturation, a modest laser power was used which resulted in relatively low 
signal strength for the hotter spectra. Use of an optical splitter in the 
spectrograph to extend the dynamic range (Eckbreth et al, 1984) would be 
of use in such circumstances, provided optical breakdown did not pose 
limitations on the laser power used.
The temperature standard deviations or temperature probability 
distribution widths, given above have contributions from several sources:
a ,  =  o _  + c r ,  „ . + a ,
total furnace dye laser noise detector noise
Where a . is the contribution due to temperature flucturations,
furnace r *
a , ' . the contribution to the measured width from dye laser
dye laser noise J
noise, and a , . the contribution from the detector, which is
* detector noise *
generally dominated by Poisson statistics.
To determine the fluctuations due to temperature, it is necessary to
know the size of the dye laser and detector contributions.
An estimate of the magnitude of the PDF width induced for a given
photon count rate, as a function of temperature, may be obtained from the
measurements of PDF width as a function of signal strength discussed in
Chapter 4, and shown in Fig. 4.26 for 292, 604 and 1050 K. A linear least
squares analysis of the noise induced PDF width as a function of
temperature, and weighted by the uncertainties at each temperature gave:
a = 11.0 + 0.00973 x T + (--9-1'-5 t- P*85-5 x T)
/counts
The table below gives the estimated contributions to the PDF width, 
based on the application of this equation to the unprocessed single shot 
spectra. The CARS signal decreases in strength as the gas density is 
reduced, and at the same time, the effect of low counting statistics is 
worse at high temperatures. Thus if the contribution of noise to the PDF 
width is calculated solely on the basis of mean temperature and mean photon 
count rate, it can be significantly underestimated. Therefore the 
contribution due to noise was calculated for each of the spectra success­
fully fitted at a particular measurement point, and an average value
on
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Figure 5.15 Photon counts versus temperature
obtained. This procedure inay be expected to over estimate the correction, 
but as the noise induced PDF width is small compared to that due to 
temperature fluctuations, the effect of this should be reasonably small. 
The estimated noise contributions are:
z
cm -6.0 -4.0 -2.0
x cm 
0.0 2.0 4.0 6.0
4 50.0 78.0 71.0 39.0 69.0 71.0 55.0
8 82.0 71.0 100.0 55.0 86.0 88.0 71.0
12 70.0 73.0 87.0 77.0 63.0 54.0 52.0
16 49.0 52.0 64.0 77.0 49.0 47.0 45.0
20 52.0 60.0 53.0 54.0 53.0 47.0 47.0
standard
It was noted in Chapter 4 that the dye laser and detector contributions 
to the PDF width combined linearly. The distribution characteristic of the 
temperature fluctuations, is in general assumed to be Gaussian, and based 
on this assumption the combination of the additive noise contribution and 
the quadratic Gaussian contribution may be approximated by:
a  =  £(<*«. + 0 ) + iAff 2 + o 2) s - t  n * t n
2
2 a  .- 2 a  a
Thus a = — |------ —
t 2 a  - a  
s n
where a is the temperature PDF width
a is the noise contribution 
n
and a is the sum of all contributions
It should be noted that if the temperature PDF is such that the 
noise combines with it in a linear manner, errors of 10 - 20% will result 
from the above procedure.
The temperature PDF widths deduced are given below:
z
cm -6.0 -4.0 -2.0
x cm 
0.0 2.0 4.0 6.0
4 129.0 351.0 347.0 202.0 513.0 323.0 102.0 temperature
8 334.0 274.0 416.0 303.0 407.0 287.0 333.0
standard
deviation
12 184.0 203.0 313.0 330.0 226.0 153.0 174.0
K
16 148.0 155.0 212.0 210.0 153.0 131.0 138.0
20 142.0 118.0 146.0 168.0 131.0 132.0 105.0
The temperature standard deviations are shorn in Fig. 5.16. The 
greatest degree of turbulence is situated around the flame front, with in 
addition substantial turbulence on the furnace axis, in the post flame 
region.
5.4.3 Probability Density Functions
Figure 5.17 shows the PDFs 4 cm above the burner for x=0, 2 and 
4 cm. At this height the N in both the central and outer measurement
regions is moderately cool, and characterised by narrow temperature 
distributions. Moving out from the central axis this region impinges on 
the turbulent flame front and the PDF is characterised by a wide temperature
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the burner
range# The overall pattern is the same on either side of the axis, although 
some asymmetries are evident, and the complex nature of the PDFs could not 
simply be modelled by a Gaussian distribution.
The set of PDFs for z=8 cm is shown in Fig. 5.18, with the exception 
of x=4 cm, which is similar to that of x=-4 cm. The cool in the flame
centre is still evident 8 cm above the flame, and moving out to +2 cm both 
cool and flame temperature contributions are seen. There is a considerable 
change betweeri +4. cm and +6 cm: the former is characterised by a relatively 
narrow spread about a mean temperature of approximately 1600 K. By 6 cm 
from the centre significant differences in behaviour occur for positive 
and negative x. At +6 cm the dominant contribution is of cool with a
relatively small proportion of hot gas. However at -6 cm a strongly 
bimodal distribution with distinct peaks at approximately 900 K and 1700 K 
is evident. As at z=4 cm, the PDFs are not characterised by simple, 
symmetric functions such as Gaussian distributions.
At higher levels the environment becomes progressively more uniform 
in temperature. At both z=12 and 16 cm the central region of the spray is 
characterised by a wide temperature range, from 400 K to over 2000 K. 
However, in the outer regions the gas temperatures are closely distributed 
about means in the region of 1300 to 1500 K. This is shown in Fig. 5.19 
(a) and (b) for the cases of z=16 cm and x=0 and 4 cm. By 20 cm above the 
burner the uniformity in temperature is such that all mean temperatures are 
within 10% at the average, and a moderately narrow range of temperatures 
is present. A typical case for x=-4 cm, is shown in Fig. 5.19 (c) .
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Figure 5.19 Furnace temperature probability density functions 16 and 20 cm 
above the burner
V
5.4.4 Averaged Results
The mean temperatures deduced from the single shot measurements 
may be compared with the results obtained using averaged spectra at the 
same positions. A preliminary data analysis was carried out on the 16 
bit PDP 11/24 minicomputer which controls data collection. There each set 
of 400 single shot spectra were peak normalised and summed, to give an 
average spectrum. Peak normalising each spectrum has the effect of 
reducing the distortion of the averaged spectrum due to a range of 
temperatures being present. Data analysis produced the temperature 
distribution shown as a contour plot of constant temperature in Fig. 5.20. 
In general good agreement between theory and experiment was obtained, as 
is illustrated by the averaged spectrum measured in the post flame region 
in Fig. 5.21. However, in the highly turbulent region near the flame 
front 4 cm above the burner, problems with beam attenuation and breakdown 
resulted in several spectra which could not properly be included in the 
average, and therefore this level is not shown in Fig. 5.20. The averaged 
temperatures were in excellent agreement with the mean single shot 
temperatures in the regions of moderate turbulence, at 20 cm above the 
burner. In the strongly turbulent regions however the averaged 
temperature was in general 5% greater than the mean temperature deduced 
from the single shot spectra and substantially greater in the hottest 
regions.
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Figure 5.21 Averaged spectrum 24 cm above the burner
5.4.5 Species Concentration
The theoretical model used for H^O was as described in (Greenhalgh
et al, 1983), with a Raman linewidth of approximatley 0.12 cm \  which 
was constant with rotational quantum number. The pump laser linewidth
was approximately 0.23 cm \  and so cross coherence effects (Teets, 1984 
and Kataoka et al, 1982) are likely to make a significant contribution 
to the spectrum shape. This will be particularly the case for the 
intermediate range of concentrations encountered in the post flame region, 
where cross-coherence effects are most important. Unlike no study of
the effect of laser linewidths on B^O has been carried out. The importance 
of laser bandwidth effects for concentration measurements has been shown 
in the experiments of Rahn et al (1984) where the resonant and nonresonant 
signals are recorded as a function of an optical delay between the two 
pump beams, for laser sources with bandwidths greater than the Raman 
transitions. For zero delay both signals are enhanced, but the nonresonant 
signal is enhanced considerably relative to the resonant signal. Thus the 
degree of cross-coherence effects the signal is subject to, and the 
concentration determined from any experiment, is dependent on the geometry 
of the CARS system. The lasers in the present CARS system have been 
found (Greenhalgh, 1985) to be uncorrelated. Thus the present system is in 
the regime where cross-coherence effects should be experienced fully.
The self broadened linewidths and linewidths broadened by are
considerably less well known than the linewidths. In the post flame
region of the furnace both H^O self broadening and H^O-N^ broadening will
make contributions. Studies by Shirley and Hall (1981) have reported
broadening coefficients of 0.17 cm *, independent of temperature up to 
approximately 700 K, and inferred the linewidth to be 0.24-0.25 cm”* in 
the post-flame region of stoichiometric CH^-air flames. Their analyses
are however also subject to cross-coherence effects, in particular as the 
pump bandwidth, at 0.8 cm * was significantly greater than the Raman 
widths. More recently Rahn et al (1985) have recently made very high 
resolution Raman gain measurements of H^O self broadening linewidths in
the temperature range from 300 to 400 K. These measurements should give 
linewidth data free from ambiguities due to laser linewidth effects.
Measurements of CO linewidths in CO/N^, mixtures (Sun and Griffiths,
1981) indicate that the effects of self-broadening and foreign-gas 
broadening are not additive, contrary to previous belief (Anderson and 
Griffiths, 1977). Clearly, further investigation of this is required.
In order to determine the instrument function in the 445 nm region, a 
spectrum, averaged over 500 shots, of the H^O vapour present in room
temperature air inside the furnace was measured. A least squares fit of 
Gaussian and Lorentzian instrument functions, spectrum position and 
concentration was carried out by D.A. Greenhalgh. The results are shown 
in Fig. 5.22, corresponding to a concentration of 0.9% and Gaussian and
Lorentzian components of 0.8 and 1.1 cm * respectively.
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H^O spectra averaged over 500 pulses were measured in the post flame
region as shown in Fig. 5.23. The temperature and concentrations were 
obtained by least squares fitting temperature, concentration and spectrum 
position. The temperatures are in good agreement with the measurements
at these locations, as is shown in by comparison between the averaged H^O
and N£ spectra, obtained 24 cm above the burner. In view of the
uncertainties surrounding the H^O linewidths and the effects of cross-
coherence, very satisfactory agreement between theory and experiment is 
obtained. The concentrations obtained are in agreement with the levels 
predicted for the fuel-air mixture, in the presence of 100% excess air.
The present study has been carried out prior to the final 
development of a model for H^O incorporating cross-coherence effects. As
such the concentration measurements must be viewed with caution. For
it has been found that cross-coherence effects may be successfully 
modelled by the augmentation of the Raman linewidth. The self consistency 
between instrument functions used for measurements in room air and in the 
post flame region of the furnace and the very satisfactory agreement 
between theory and experimental spectra, give grounds for moderate 
optimism.
5.5 COMPARISON OF MEASUREMENTS AND OLD SPRAY MODELS
Stopford has compared the Discrete Droplet Model (DDM) and
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Figure 5.23 Averaged H.O spectrum 24 cm above the burner
Continuous Droplet Model (CDM) predictions with the measured temperatures 
and droplet velocities.
Regardless of which model is used it is necessary to determine the 
boundary conditions close to the burner. The temperature measurements 
4 cm above the burner may be used and Stopford fixed a symmetric boundary 
profile based on these values, as is shown in Fig. 5.24.
In comparing the model predictions with the CARS temperature 
measurements it must be noted that the model results represent the 
temperature at a particular point in space. The CARS signals however are 
built up over the laser beam interaction volume, which for the present 
system was calculated, as discussed in Chapter 3, to be a cylinder smaller 
than 0.2 mm diameter by 4 mm long. Distortion of the CARS signal occurs 
in the presence of severe temperature gradients due to the nonlinear nature 
of the CARS process, and where the gradient is more moderate, averaging 
occurs.
Recently, Farrow et al (1982) have demonstrated averaging 
discrepancies between thermocouple measurements, where spatial averaging 
was eliminated by conduction correction, and CARS measurements, for a CARS 
interaction volume length of 3 - 4  mm. Radial measurements were made in 
an axisymmetric methane diffusion flame, where in regions of high ; 
temperature gradients the CARS flame centre measurements were up to 200 K 
higher than thermocouple results, and 200 - 300 K lower at the flame front. 
Improving the CARS spatial resolution to 1.1 mm (FWHM) produced reduced 
discrepancies, but at the cost of an order of magnitude reduction in signal 
strength.
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Figure 5.24 Radial profile of temperature, T(X) at various heights (Z) 
above the burner of a conbusting furnace.
A theoretical study of the effects of finite measurement volumes in 
the presence of temperature gradients is planned. For this work, 
however, Stopford used the DDM results to estimate the temperature 
uncertainty at each measurement point due to averaging. No significant 
error existed at distances of 16 cm or more above the burner, or on the 
central burner axis.
Based on the temperature boundary conditions established at z-4 cm, 
predictions of temperature have to date been made using both models.
The results are shown in Fig. 5.24, where the solid lines correspond to 
DDM predictions, the broken lines to CDM predictions and the error bars 
on the measured temperatures were estimated as discussed above.
The CDM underestimates radial temperature variations, and this 
causes an overestimate of the centre line temperature where radial 
variations are marked, up to 12 cm above the burner. The model assumes 
equal gas and droplet velocities and the axial velocities predicted by 
the model are substantially less than the measurements of Negus (1983) suggest.
Good agreement with experiment is obtained with the DDM, in 
particular for negative x. There is however a problem of asymmetry in 
the measurements, especially at substantial heights above the burner.
However the droplet axial velcoities used are in good agreement with the 
droplet velocity measurements, shown in Fig. 5.3. This is indicated 
by the triangles shown, which correspond to the trajectory of a single 
droplet used in the DDM.
In summary, good agreement was obtained between the DDl^ in particular
at l o  w  z , where strong temperature variations were modelled well. 
Asymmetries in the temperature and flow fields however made comparisons 
between the DDM and CDM difficult at z £ 12.
5.6 CONCLUSIONS
Coherent Anti-Stokes Raman single-shot thermometry has been 
successfully used to obtain the first map of temperature fluctuations 
and mean temperatures in an oil spray furnace. Probability density 
functions of temperature have been measured, and in the inlet and mixing 
regions, found to be non Gaussian in nature. Data analysis was based on 
full least squares fitting of the experimental spectra to a fast 
theoretical model in which both concentration and temperature were varied.
The dominance of detector Poisson noise in this highly fluctuating 
environment was demonstrated. Corrections to the temperature probability 
density functions widths for the Poisson and dye laser noise contributions 
were made, based on the calibration study in Chapter 4.
H^O species concentration measurements were made in the post flame 
region, and gave temperatures in good agreement with those deduced from 
the N^ spectra. Preliminary comparisons of the CARS temperature
measurements have been made with Discrete Droplet and Continuous Droplet 
combustion models, with good agreement, particularly in the former case.
CHAPTER 6
CONCLUSIONS
CARS temperature measurement accuracy has been tested in the 
temperature range 290 to 1050 K. Accuracies of 1 - 2% have been attained 
by fitting a theoretical model to averaged CARS spectra. For the multimode 
CARS system used, laser cross coherence effects were found to have a 
significant effect oh signal shape, and reduced measurement accuracy resulted 
if they were neglected in the data analysis. It was found that cross coherence 
effects can be approximated by the augmentation of the Raman linewidth.
Clearly, however, the development of a rapid means of calculating cross 
coherence effects and the development of more accurate models for CARS 
lineshapes are areas to be pursued in the future. With developments in these 
areas and the improvements made in modelling motional narrowing phenomena in 
recent years, improvements in the accuracy of CARS thermometry can be 
anticipated.
This work has demonstrated that CARS can be used to measure temperature 
probability density functions (pdfs) with sufficient spatial resolution to 
characterise practical devices. A necessary condition for this is the use 
of fast methods of CARS signal analysis, where both temperature and 
concentration may be varied simultaneiosly, such as the method developed 
here. In the oil spray furnace studied, markedly non-Gaussian temperature 
pdfs were observed in and around the burning fuel spray, with bimodal 
distributions evident near the flame sheet, characteristic of burnt and
unbumt gases passing through the measurement point. Good agreement was 
obtained between the temperature measurements and the Discrete Droplet and 
Continuous Droplet oil spray model predictions of Stopford, (1984).
For environments with strong temperature fluctuations, detector 
counting statistics have been found to make a dominant contribution to 
signal noise. The effect of this noise on the measured width of temperature 
pdfs has been quantified between 290 and 1050 K for the CARS system used. 
Simulations of noise indicate that the frequency scale on which noise 
occurs strongly effects the resultant temperature error. This indicates 
that the use of a CARS system with low detector cross talk and with high 
dispersion should result in substantial reductions in the effects of 
detector counting noise on temperature measurement precision.
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